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Abstract 
________________________________________________________________________
Tunable electro optic thin film stack for hyperspectral imaging 
Sameet K. Shriyan 
Adam K. Fontecchio, PhD. 
 
This dissertation focuses on the development of a compact hyperspectral system 
for airborne imaging based on an H-PDLC tunable filter as the enabling technology. With 
a primary focus on the development of an H-PDLC stack, this research aims at improving 
the electro-optic response of Polymer/liquid crystal thin films in both holographically 
patterned and non-patterned configurations by addition of carbon based nanoparticles 
namely multiwalled carbon nanotubes (MWNT). Results indicate a reduction in 
switching voltage, and an improvement in switching speed while at the same time 
maintaining, reflection efficiency, transmitted wavefront characteristics and minimal 
dependence on incident polarization. The reduction in the switching voltage is attributed 
to a change in the dielectric properties of the medium, hence reducing any electrical 
depolarization effects in the sample and an improvement in switching time is attributed to 
the reduction in the liquid crystal (LC) droplet sizes hence an increase in relaxation 
frequency. An optimal nanoparticle doping concentration is arrived at based on the 
results. 
The effects on the kinetics of formation of H-PDLC in the presence of MWNT 
based on a diffusion model and LC redistribution governed by law of conservation of 
mass is studied. The addition of MWNT slows down the counter diffusion of LC‘s and 
also acts as physical barriers for the LC‘s hence preventing coalesce.  
In order to provide electro-optic access to specific wavelengths in a given spectral 
band two novel stacking techniques have been developed in order to make a stack of H-
xv 
 
 
 
PDLC integratable into devices. The first technique focuses on reducing the overall 
optical path length by reducing the number of substrates required to fabricate a stack 
therefore reducing the stray Fresnel reflections form the substrate layers. An analysis of 
improved throughput through this device is presented based on wavefront propagation 
though the stack using a transfer matrix approach incorporating index inhomogeneties 
and interfacial roughness. The second technique focuses on eliminating all substrate 
layers except the base by spin coating H-PDLC and coating it with conducting polymer 
layers.  
Finally, based on the improved electro-optic response and reduced stack a 
HPDLC wavelength filter in conjunction with a compressive imaging system is being 
developed for hyperspectral imaging where the H-PDLC stacks act as the spectral 
decomposing element. These stacks allow for two modes of operation in the 
hyperspectral imager- sequential switching and spectral multiplex. A byproduct of the 
fast response time of the H-PDLC is the ability to modulate each layer at a different 
frequency.  This provides the ability to encode each wavelength in frequency, which can 
be used to obtain a spectral multiplex and increase system throughput.   
xvi 
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CHAPTER 1.   Scope of the Thesis 
 
1.1 Introduction 
  Remote sensing is the science of observing, identifying and characterizing an 
object without coming in direct contact with it. The process involves detection and 
measurement of radiation of different wavelengths reflected or emitted from distant 
objects. Each object or material will have a unique spectral signature using which they 
can be identified and categorized. The advent of hyperspectral imaging along with other 
imaging techniques laid the foundation and capability to collect and process information 
across the electro-magnetic spectrum. The first airborne hyperspectral imager, AVRIS, 
[1] which is capable of measuring solar reflectance spectrum in the range 400 nm to 2500 
nm with an interval of 10 nm comprises of four different spectrometers with reflection 
gratings which acts as the wavelength dispersing element. Subsequently various different 
wavelength dispersing elements were invented and incorporated in various configurations 
in other hyperspectral imagers. Most of them remain static in nature such a prisms, 
diffraction and reflection gratings. Advances in materials allowed for development of 
wavelength tunable filters such as acousto-optic and liquid crystal tunable filters which 
allowed random access to wavelengths.  
 Taking advantage of the advances in material systems this research focuses on 
developing an electronically tunable electro-optic wavelength filter stack that has the 
capability of filtering different wavelengths in an optical band with high speed thus 
allowing sequential switching and spectral multiplex and study its feasibility for use in 
hyperspectral imaging system. Liquid crystals and photopolymers were used to 
holographically fabricate holographic polymer dispersed liquid crystals (H-PDLC). Since 
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H-PDLC‘s have a high switching voltage, investigations were carried out into methods of 
addressing this issue. Multiwalled carbon nanotubes (MWNT) were doped into the H-
PDLC prepolymer mixture before fabrication. This addition not only allowed for 
reduction in the switching voltage but also induced faster switching time by changing the 
dielectric properties and the morphology of the LC droplets formed. In order to 
understand these improvements real time evolution of the diffracted order was captured 
and the results were analyzed based on the modified Stoke-Einstein‘s diffusion theory 
which incorporates the shape anisotropy of the cylindrical MWNT nano particles. 
Wavefront analysis was carried out to ratify the optical quality of the individual H-PDLC 
filters.  
 Since a single H-PDLC filter is capable of filtering out a narrow bandwidth of the 
optical spectrum this work looks into developing two new stacking techniques that gives 
a stack the capability to filter out different wavelengths every 10nm in a given optical 
spectrum. Two new stacking techniques are the reduced optical path length technique and 
the stacking via spin coating technique. The quality of the grating formed in these filters 
is analyzed using a Shack Hartmann wavefront sensor and a transfer matrix approach 
incorporating effective medium theory. The ability of this stack to transmit various 
spatial frequencies in an image is mapped out using a resolution chart and the modulation 
transfer function (MTF) is extracted. The various stacking techniques are compared using 
their MTF‘s. These techniques allows for dramatic reduction in optical path length and 
hence imparting compactness and throughput.  
       The optimized stack was shipped out to Optra Inc. where it was integrated into 
a prototype hyperspectral imaging system for feasibility study. Results have indicated 
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sequential switching and multiplexing capability with synchronous detection and 
demodulation. A concept of this hyperspectral imager with H-PDLC wavelength filter 
stacks is shown in Figure 1.1. 
 
Figure 1.1: Concept of Hyperspectral imaging with stacks of H-PDLC as the wavelength 
filtering element 
 
1.2 Thesis outline  
This thesis begins with an introduction to the fundamental building blocks 
required to fabricate a holographic polymer dispersed crystals (H-PDLC). Chapter 2 
reviews the orientational, anisotropic, optic, thermo-optic and electro-optic properties of 
the thermotropic nematic liquid crystals used in this research. Two photo-polymers 
differing in their polymerization process but having similar optical properties is 
introduced. Fundamentals and the physics behind the holographic process are enumerated 
to give general idea of holography and its importance in the design process. Basics of 
electro-optic properties and the kinetics of formation of H-PDLC‘s are reviewed to give 
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an in depth understanding of this tunable electro-optic thin film. The chapter ends with a 
discussion of hyperspectral imaging its fundamentals and applications.  
Chapter 3 reviews the current state of the art techniques used in enhancing the 
electro-optic properties of H-PDLC‘s. Some of the techniques such as addition of 
surfactants, high dielectric materials, polymer matrix fluorination, azo dyes and nano 
particles their effects on the formation and electo-optic response of the thin films are 
thoroughly discussed. The chapter continues with a review of the current state of the art 
in hyperspectral imaging focusing on the optical front end especially the wavelength 
dispersing elements. Two types of optical front ends have been identified – a) static 
optical front end systems employing wavelength dispersing element such as prisms and 
gratings in various configurations, b) dynamic optical front end systems employing 
tunable filters such as acousto-optic wavelength filters and liquid crystal based 
wavelength filters. The principle of working of these wavelength filters are discussed in 
detail.  
This point marks the end of introduction to various basic entities used in this 
research and Chapter 4 introduces a novel concept of hyperspectral imaging with H-
PDLC‘s as the wavelength filtering element and as the enabling technology. Since this 
hyperspectral imager is intended for airborne surveillance and remote sensing, detailed 
filter specifications and system level performance is discussed. The technical approach 
section in this chapter delves into the design details, the fundamental approach for 
capturing hyperspectral images using either sequential switching of the H-PDLC filters or 
via multiplexing and synchronous detection. Primary applications of such a technology 
5 
 
 
 
are listed and the system electronics board description, along with its various capabilities, 
developed at Optra Inc. is discussed.  
Chapter 5 looks into the specifics of the materials used in fabricating the H-PDLC 
thin film wavelength filters beginning with the liquid crystal Bl038 and its optical and 
dielectric properties. The thiolene and acrylate based photopolymers along with their 
physical properties are discussed. The various H-PDLC recipes based on visible and UV 
wavelength sensitive dyes are discussed. Multiwalled carbon nanotubes used to improve 
the electro-optic response of these H-PDLC films along with their characteristics are 
detailed in here. Three different holographic experimental setups are discussed each 
having a slightly different function. The three are the single beam method using reflecting 
mirror, single beam method using a prism and dual beam method. The various 
characterization techniques used to characterize the morphology, electro-optic response, 
wavefront degradation and real time evolution of diffracted order are listed and the 
process of characterization is discussed. 
Chapter 6 delves into the details on improving the electro-optic response of 
thiolene and acrylate based PDLC and H-PDLC thin films by doping them with oxidized 
multiwalled carbon nanotubes (MWNT). Effect of addition of MWNT‘s in controlled 
amounts in PDLC is studied which forms the framework to postulate its effects on H-
PDLC. Experimental results indicate a reduction in switching voltage which is attributed 
to the enhanced electric field experienced by the Liquid Crystal (LC) droplets trapped in 
the polymer matrix manifested by a decrease in resistivity and an increase in capacitance 
of the composite medium. Improved switching speeds is seen and is related to the 
reduction in size of the LC droplets since the MWNT act as physical barriers to the 
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counter diffusing LC‘s preventing coalesce, confirmed with scanning electron 
microscopy imaging. An optimal doping level is arrived at based on these results. In H-
PDLC the modification in diffusion kinetics is seen and real time diffraction efficiency 
measurements reveal a time delay in the appearance of the diffracted order due to non-
participation of the nanotube in the polymerization induced phase separation process. An 
analysis of this effect is presented based on the Stoke- Einstein‘s diffusion equation 
incorporating shape anisotropy of the nanotubes.  
Since independent access to specific wavelength in a given optical band along 
with compactness is a requirement in this design of hyperspectral imaging system two 
new stacking techniques were developed. Chapter 7 demonstrates two alternate methods 
of stacking Holographic polymer dispersed liquid crystal (HPDLC) reflection gratings a) 
on substrates coated with indium tin oxide (ITO) on both sides allowing independent 
switching of each grating in the stack and b) stacks spin coated on a single substrate. 
Details on fabrication of these stacks are discussed in detailed in this chapter. Wavefront 
analysis and transmission of various spatial frequencies help determine the Modulation 
transfer function hence helping to characterize its optical quality.  
Finally, feasibility of the use of such an electro-optically enhanced H-PDLC stack 
in a prototype hyperspectral imager setup is studied in Chapter 8.  For this study, stacks 
of these filters were fabricated in the visible wavelength range of 600-800 nm and 
shipped to Oprta Inc where they were integrated into a breadboard hyperspectral setup.  
Details on various properties useful for HSI applications, such as uniform reflection 
efficiency of 80% across a 35mm optical aperture, polarization insensitivity for normal 
incidence, spectral resolution of 10nm and fast switching times on the order of 
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microseconds is studied. In addition, the ability to modulate each filter in the stack at a 
different frequency is established which allows for spectral multiplexing, thus enabling 
synchronous detection and demodulation of the image data. Finally, a system level 
integration of such a stack into the prototype drive and detection unit is discussed. 
Chapter 9 concludes this thesis by summarizing various goals and milestones 
achieved in this work in developing a tunable electro-optic thin film stack for 
hyperspectral imaging. My contribution in this work has been detailed in this chapter and 
the enabled technology has been discussed. Future perspectives on further improving the 
thin film device performance are provided. 
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CHAPTER 2.   Introduction 
 
2.1 Thermotropic nematic liquid crystals 
The difference between crystal and liquids is that the molecules in a crystal are 
ordered whereas in a liquid they are not. The order in a crystal is usually positional and 
orientational i.e. the molecules are constrained to occupy specific sites in a lattice and 
point their molecular axes in a specific direction. On the other hand, the molecules in 
liquids diffuse randomly throughout the sample with random molecular orientations. 
Interestingly, in nature an intermediate phase exists which exhibits more orientational 
order than liquids but less than crystals. These phases are known as liquid crystals (LC) 
since they exhibit properties associated with both liquids and crystals as shown in Figure 
2.1.    
 
Figure 2.1: Illustration of the three phases of matter: solid, liquid crystal and liquid 
showing positional and orientational orders. 
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2.1.1 Orientational and positional order  
The molecules in all LC phases diffuse like the molecules of a liquid but they 
maintain some degree of orientational order and sometimes positional order. The amount 
of order in a LC is quite small relative to a crystal. There is only a slight tendency for the 
molecules to point more in one direction than others.  In the simple LC phase, one 
molecular axis tends to point along a preferred direction as the molecules undergo 
diffusion. This preferred direction is called the director and is denoted by the unit vector 
ň. An orientational distribution f(θ)dθ can be defined by either taking a snapshot of the 
molecules at any one time and noting how many axes make an angle between θ and θ+dθ 
with the director. An order parameter defines the amount of orientational order in a liquid 
crystal phase. It is given by the average of the second Legendre polynomial [2] 
                
 
 
      
 
 
  
(2.1)  
where the brackets denote an average over many molecules at the same time or the 
average overtime for a single molecule.  
Hence, for a perfectly oriented system S=1 and S=0 if there is no orientational order. In a 
typical liquid crystal S decreases as the temperature is raised, taking on values between 
0.3 and 0.8. Their temperature variation is shown in Figure 2.2 
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Figure 2.2: Temperature dependence of the order parameter for a typical thermotropic 
liquid crystal. TNI is the critical temperature at which the nematic to isotropic transition 
occurs. [2] 
 
2.1.2 Anisotropy  
The property of LC‘s that distinguishes them from liquids is the small degree of 
order which produces anisotropy. This anisotropy manifests itself in its elastic, electric, 
magnetic and optical properties. In terms of elastic or electromagnetic properties, if two 
of the three directions in a material are equivalent, the material is said to be uniaxial. The 
nematic phase of liquid crystal is uniaxial since all directions perpendicular to the 
director are equivalent and different from directions of preferred orientational order. If all 
there directions in a material are inequivalent, then the material is biaxial. 
The response of LC‘s to electric fields is anisotropic in behavior. The field causes 
a slight charge separation on the molecule creating a weak dipole moment. Since, the 
average dipole moment per molecule is in the same direction for each molecule, these 
dipole moments add together and cause each unit volume of the material to possess a net 
dipole moment. This dipole moment per unit volume is called the polarization P of the 
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material and points in the same direction as the average molecular dipole moment.  For 
small enough electric fields, P is proportional to E. The constant of proportionality is 
called the electric susceptibility of the material χe and is related to P as  
         (2.2)  
where ϵ0 is the permittivity of free space 8.85x10
-12
 C
2
/Nm
2
.  
 
Figure 2.3: Behavior of the nematic liquid crystal molecule under electric field. The LC 
molecule reorients in the direction of the applied electric filed due to charge separation.  
 
The additional feature of LC is that the value of polarization depends on the 
direction of E-fied applied. Assuming the director is held fixed in one direction, then the 
average dipole moment per molecule and thus the polarization of the material is different 
depending on weather the E-field is applied parallel or perpendicular to the director. Thus 
there are two values for the electric susceptibility, χ║ for an E-field applied parallel to the 
director and χ┴ for an E-field applied perpendicular to the director. if the director lies 
along the z axis, then an electric field with components Ex, Ey and Ez produces a 
polarization given by 
           (2.3)  
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           (2.4)  
       ║   (2.5)  
These three equations can be written as one equation by defining the electric 
susceptibility as a tensor. If the components of vectors are written as column vectors, then 
a tensor can be represented as a square matrix. thus the polarization equations can be  
  
  
  
  
     
    
    
   ║
  
  
  
  
  
(2.6)  
The matrix representing the electric susceptibility tensor is diagonal because one of the 
axes, z-axis, points along the director.  
 2.1.3 Electric polarizability  
The E-field and polarization together define the electric displacement, D 
                (2.7)  
which in a material plays the same role as the E-field in a vacuum. The linear relation 
between P and E results in a linear relationship between D and E,  
            
(2.8)  
where  
                (2.9)  
  is called the permittivity of the material or if written in units of permittivity of free 
space,  /  , is called the relative permittivity or dielectric constant of the material and is 
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unitless. A nematic liquid crystal has a component of permittivity along the director ϵ║ 
and another component perpendicular to the director ε┴. The anisotropy in permittivity is  
     ║  ┴ (2.10)  
which can either be positive or negative depending on the permanent dipole moment and 
polarisability of the molecules. The dielectric constant behaves analogously. There are 
two contribution to the polarization in LC‘s and hence two contributions to permittivity. 
First, the E-field produces induced dipole moments on the molecules that contribute to 
the polarization. Second, the E-field tends to orient the permanent dipole moments on the 
molecules. Orientation in response to E-filed is not a strong effect in solids and liquids, 
but can be quite large in LC‘s.   
If the molecules possess a strong permanent dipole moment parallel to the long axis of 
the molecule, the anisotropy of the dielectric constant is very large. The anisotropy of the 
dielectric constant follows the order parameter and increases with decreasing 
temperature. This is shown in the next two figures  
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Figure 2.4: Variation in the dielectric constant of the 5CB liquid crystal with respect 
variation in temperature  [2] 
 
 
 
Figure 2.5: Variation in the dielectric anisotropy of the liquid crystal with respect to 
temperature [2] 
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2.1.4 Birefringence  
Since the relative permittivity of an anisotropic substance is different for E-fields 
in different directions, the index of refraction for light polarized with its E-field in those 
directions is different. This optical phenomenon is called birefringence.  
 
Figure 2.6: Illustration of birefriengence in a nematic liquid crystal where the magnitude 
of birefringence is the difference between the extraordinary and ordinary refractive index. 
 
In nematic LC, light polarized parallel to the director propagates according to one index 
of refraction, n‖, and light polarized perpendicular to that director has another index of 
refraction n┴. Figure 2.7 below shows how the indices of refraction of a given wavelength 
vary with temperature.  
16 
 
 
 
 
Figure 2.7: Indices of refraction of a nematic liquid crystal with respect to variation in 
temperature [2] 
 
The difference between the two indices of refraction          clearly shows the 
fact that the order parameter decreases with increasing temperature as shown in Figure 
2.8 below 
 
Figure 2.8: Variation in birefringence of a nematic liquid crystal with respect to 
temperature [2] 
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Birefringence is a property of all anisotropic materials weather uniaxial or biaxial. 
Nematic LC‘s fall under uniaxial category. In such a system one direction is different 
from the other two, and the index of light polarized in this direction is called the 
extraordinary index, ne. The index of refraction for light polarized perpendicular to this 
direction is the ordinary index no. In a liquid crystal ne corresponds to n‖ and no 
corresponds to n┴. Some liquid crystal phases are biaxial and have three indices of 
refraction. The optical anisotropy for these systems is usually defined as the difference 
between the largest and smallest indices.  if the optical anisotropy is positive (ne > no) 
the material is said to be positive uniaxial else the material is negative uniaxial.  
2.1.5 Optical retardation  
Because liquid crystals are birefringent, light polarized along different directions 
travels at different velocities. Thus two perpendicular components of light that enter the 
LC in phase grow out of phase as they propagate through the LC. This effect is known as 
optical retardation.   
Since the LC has two dielectric constants ϵ║ and ϵ┴ in different directions, a propagating 
optical wave has two corresponding refractive indices n║ and n┴. Since n║ is the 
refractive index parallel to director and the optic axis is on an average parallel to the 
director in the nematic region of LC we can write ne ≈ n║ and no ≈ n┴. The optical 
anisotropy can be written as Δn = n║- n┴. For the case of nematic LCs  n║ > n┴ and the 
LC molecule has positive anisotropy. 
The refractive indices are related to the dielectric constant by the relation  ║    ║ 
and        typically for optical wavelengths. Since the dielectric anisotropy directly 
follows the order parameter we can state that the order parameter varies as a function of  
18 
 
 
 
  
    
  . A polarized light incident on this type of anisotropic sample of thickness d 
undergoes a phase change δ determined by 
   
  
 
         (2.11)  
where λ0 = 3 x 10
8 
m/s is the wavelength in vacuum. When an incident light is incident on 
a LC in an arbitrary direction the ordinary and extraordinary refractive index experienced 
is 
       (2.12)  
 
 
      
    
    
         
     θ 
 
(2.13)  
where θ is the angle between the long axis of LC along n║ and electric field polarization 
vector E. 
2.2 Photo-polymerizable Polymers 
Polymers are formed by monomer species capable of linking two or other 
monomers. Chemically, polymers are long chain molecules of very high molecular 
weight. Natural polymers comprise of cotton, starch, proteins and wool. In the early 
twentieth century, synthetic polymers were made. Synthetic polymers Bakelite and nylon 
showed tremendous possibilities of its use then. More recently polymers seem to be 
attractive because of its possibility to tailor specific properties such as high strength in 
fibers and electrical conductivity [3] [4].     
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There are two principle classes of polymerization: chain growth polymerization 
and step growth polymerization.  
2.2.1 Chain growth polymerization  
Free radical chain polymerization has three major kinetic steps- initiation, 
propagation and termination [5]. Since this work deals with photo polymerization, the 
initiation step involves the production of free radicals by dissociation of initiator species I 
to yield a pair of free radicals R· by exposure to incident radiation. The second part of the 
initiation involves the addition of this radical to the first monomer molecule M to 
produce chain-initiating radical M1· 
I + hν → R· 
R· + M → M1· 
Propagation consists of the growth of  M1·  by successive additions of large numbers of 
monomer  molecules. Each addition creates a new radical that has the same identity 
except that it is larger by one monomer unit. It can be represented as  
M1· + M → M2· 
M2· + M → M3· 
· 
· 
· 
· 
Mn· + M → Mn+1· 
 
Propagation with growth of chain to high polymer proportions takes place very rapidly.  
At some point in the reaction, the propagating polymer chain stops growing and 
terminates. Termination with the annihilation of radical centers occurs by bimolecular 
reaction between radicals. Two radicals react with each other by combination or 
disproportionation. These two different modes of termination can be represented as  
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Mn· + Mm → Mn+m 
Mn· + Mm → Mn + Mm 
The propagation reaction would proceed indefinitely until all monomers in the reaction 
were exhausted.  
The acrylate based polymers used in this work follow the free radical chain 
polymerization process along with phase separation to form H-PDLC.  
2.2.2 Step growth polymerization  
This polymerization process involves a chemical reaction between multifunctional 
monomer molecules. In this process, the growing chains may interact to form even longer 
chains. Step polymerization proceeds by a relatively slow increase in molecular weight of 
the polymer. It is characterized by the disappearance of monomer early in the reaction far 
before the production of any polymer of sufficiently high molecular weight.  During 
reaction, molecules of variable lengths co-exist. Monomers can combine with themselves 
or with other polymers of various lengths. The molecules grow throughout the entire 
reaction time according to random collisions.   The process can be summarized as  
Monomer  +  monomer  → dimer 
Dimer +  monomer  → trimer 
Dimer +  dimer  → tetramer 
Trimer + monomer  → tetramer 
· 
· 
· 
· 
In general the reaction can be expressed as  
n-mer + m-mer → (n+m)-mer 
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Thiolene based monomers used in this work undergoes step growth polymerization along 
with phase separation of LC‘s to form H-PDLC‘s.   
 2.3 Holography 
Holography is a widely used display medium. Holographic imaging was first 
demonstrated by Gabor in 1948 in which a transparency consisting of opaque lines on a 
clear background was illuminated with a collimated beam of monochromatic light, and 
the interference pattern produced by the directly transmitted beam and the light scattered 
by the lines on the transparency was recorded on a photographic plate. When the 
hologram was illuminated with the original collimated beam, it produced two diffracted 
waves, one reconstructing the image of the object and the other with same amplitude and 
opposite phase forming a conjugate image. This twin image problem was solved by Leith 
and Upatnieks by developing the off axis reference beam technique in which the two 
images were separated by large enough angles from the transmitted beam and from each 
other to ensure that they did not overlap.  
 The entities necessary in order to record a hologram are a photosensitive 
recording medium and a light source with spatial and temporal coherence and hence 
capable of generating an interference pattern. Since interference require two coherent 
beams usually light for a laser is split into two beam known as a reference beam and an 
object beam. The object beam that reflects of the entity being recorded contains the 
surface variation information in terms of phase. The reference and the object beam 
interfere on the recording medium to form a hologram.  
  Mathematically a general equation of a wave travelling with respect to time is 
given by [6] 
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(2.14)  
where U represents the position of the wavefront at a given time, Φ is the phase and ω = 
2 /λ, where λ is the wavelength of light.  
If the reference and the object wavefronts are denoted by U1 and U2 respectively, their 
intensities are given by  
     
 
 
  
   
(2.15)  
     
 
 
  
   
(2.16)  
Now, since the beams are correlated their combined intensity is given by  
    
 
 
   
    
         (2.17)  
Using equation 2.14 we can write  
 
     
               
                            
                    
(2.18)  
This equation contains information on both A2, the object wave amplitude, and Φ2, the 
object phase information and is time independent. The time averaged expression without 
the functional constants reduced the equation to 
        
    
                   (2.19)  
The phase relationships are coded in the distortions of the interference fringes in the 
recording plane and the amplitude variations are coded in the intensity variations of the 
fringes.  
An important parameter is the fringe visibility given as  [7] 
    
         
         
 
       
   
     
 
(2.20)  
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Essentially this equation defines the contrast between the bright and the dark fringes.    
 If the two beams travel and interfere from the same direction then diffraction holograms 
are recorded and if from opposite directions then reflection holograms are recorded. This 
principle is used to record diffraction and reflection gratings ad detailed in the next 
section.   
2.4 Holographic polymer dispersed liquid crystals (H-PDLC) 
Holographic polymer dispersed liquid crystals (H-PDLC) belong to a class of 
electrically switchable polymer and liquid crystal (LC) composite materials consisting of 
stratified layers of alternating polymer and liquid crystal rich planes. The basis of 
operation is its ability to electrically switch diffraction or reflection grating on and off [8-
10] or tune its reflection band [11]. Its electro-optic properties have made it attractive for 
a number of applications such as flat panel reflective displays[12] [13], optical 
switches[14], strain gauges[15], photonic crystals [16], reflective displays, transmission 
mode spectrometers[17], spatially patterned devices[18], image capture systems[19], 
remote sensing[20] and numerous other electro-optic applications.    
H-PDLC‘s formed by exposing a homogenous mixture of monomer, photo-
initiator and liquid crystal to an interference pattern generated by a laser beam. Periodic 
phase separation is induced during this exposure which allows polymerization of the 
monomers in the bright regions and diffusion of LC molecules in the dark regions to 
coalesce and form droplets with random director orientation. This results in a grating 
structure with its refractive index modulated periodically causing a reflection of the 
Bragg wavelength determined by the angle of the interfering beams. Application of an 
electric field across such a film cause the LC directors to orient in the direction of the 
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field causing a reduction in refractive index modulation and hence the intensity of 
reflected Bragg wavelength and random scattering in reflection gratings [21] as shown in 
Figure 2.9 
 
Figure 2.9: Illustration of an H-PDLC filter structure with its optical transmission. a) H-
PDLC with no electric field applied, b) transmission spectra showing a reflection notch 
for the schematic in (a), c) H-PDLC with electric field applied and d) transmission 
spectra showing a no reflection notch for the schematic in (c) 
 
2.4.1 Kinetics of formation  
Upon exposure of the prepolymer, sandwiched between the glass slides, the 
formation of H-PDLC is governed by a kinetic phenomenological diffusion and counter 
diffusion model [22] . The spatio-temporal mass density of each monomer,Φ 
 , in a multi 
component system is governed by the differential equation  
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(2.21)  
  The polymer concentration, Φ 
 
, is given by   
 
δΦ 
      
  
        Φ 
       (2.22)  
where Di(z, t) and Fi(z, t) are the diffusion constant and reaction rate respectively, for 
each monomer. The evolution of the diffusion constant describing the effect of the 
increased inhibition of diffusion of each monomer through the increasingly dense 
polymer network is given by  
 
                   
 
Φ 
        
(2.23)  
where Di0 is the diffusion constant and  i is the decay constant and are dependent on the 
molecular weight of the monomer.  
The rate at which the reaction occurs upon exposure is given by  
 
                               Φ 
       
 
         
(2.24)  
where f is the monomer functionality and Mw is the molecular weight of the reactive 
species. The reaction rate is also proportional to the local intensity of the of the 
interference pattern given by  
                         (2.25)  
where I1 and I2 are the intensities of the individual recording beams and V is the fringe 
visibility.  
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During the phase separation the redistribution of the LC is governed by the local 
conservation of mass and is expressed as  
 
Φ            Φ 
 
 
      Φ 
       
(2.26)  
The kinetics of formation of diffraction gratings and the real time evolution of the 
diffracted order has been studied by Bowley using a phenomenological diffusion model 
[18] and by Sutherland incorporating photo-physics and reaction-diffusion kinetics [23]. 
The grating structure formation upon exposure and subsequent evolution of the diffracted 
order has been characterized into in three distinct processes: a short induction period, 
rapid polymerization accompanied by photo bleaching and a plateau region [24]. The 
short induction period is observed due to the time needed for the dissolved oxygen or 
polymerization inhibitors to be consumed before the onset of rapid polymerization. The 
extension of this induction period, however, has also been observed by addition of dyes 
and nanoparticles to the prepolymer mixture which subsequently affects the dynamics of 
formation of H-PDLC, its electro-optic properties and its morphology. Woo observed the 
introduction of a long induction period, otherwise absent,  in the evolution of the 
diffracted order by addition of azo dye and attributed it to the absorption of the incident 
light by dye molecules hence leading to slow polymerization and phase separation [25]. 
On addition of TiO2 nanoparticles in the H-PDLC prepolymer mixture Shim observed 
longer induction, slower polymerization and decreased polymer - liquid crystal phase 
separation due to increased viscosity of the polymer matrix [26] 
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 2.4.2 Optical properties 
From an optical stand point the refractive index profile can be determined as  
 
            Φ
            
 
Φ 
         Φ 
        
(2.27)  
where np and nm are the polymer and the monomer refractive indices and  nLC = 
(2no+ne)/3. 
The diffraction efficiency η of the grating is given by the coupled wave theory expression 
for a sinusoidal grating by  
 η        
    
λ    θ
  
(2.28)  
where ni is the index modulation, L is the grating thickness, λ0 is the wavelength of the 
incident beam and θ is the incident angle. 
However, H-PDLC‘s are anisotropic gratings and the coupled wave theory of Kogelnik 
[27] has been extended to anisotropic media and applied to polymer-LC composite 
gratings. 
The diffraction efficiency ηj (j = s or p polarization) for polarized light incident upon an 
ideal, unslanted, anisotropic reflection grating at an angle u with respect to the grating-
plane normal is given by 
 η      
     
(2.29)  
where L is the thickness of the grating and  j is the polarization dependent coupling 
coefficient.  
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Assuming a coordinate system with x and y in the plane of the hologram, and z parallel to 
the grating vector. The polarization dependent coupling coefficients can be written as[28] 
    
 
λ    θ 
    (2.30)  
 
    
 
λ    θ 
        θ              
 θ 
(2.31)  
 2.4.3 Switching properties 
For LC droplets with small radius of curvature with a shape anisotropy the critical 
voltage for switching is given by [29] 
     
  
  
 
ζ 
ζ  
    
       
Δϵ
     
(2.32)  
where ζp and ζLC are the conductivities of the polymer and liquid crystal, d0 is the 
thickness of the sample, a is the radius (or length of the semi major axis), l is the aspect 
ratio l = a/b where a and b are the lengths of the semi major and semi minor axes 
respectively, K is the LC constant and Δϵ is the dielectric anisotropy of the LC. The 
conductivity of the LC and conductivity of the polymer. ζp ≈10
-6 
 S/cm [30]  and ζlc/ ζp ≈ 
25 [18].    
Since the critical voltage is directly dependent of the conductivity of the polymer 
Chidichimo et.al. have reported experimental evidence of dramatic reductions in 
switching voltage as the conductivity of the polymer is increased [31] .    
On the application of an electric filed the orientation dynamics of the LC droplet modifies 
such that the sum of the torques applied by the E-field, the elastic and viscous torques 
equals zero. In such a situation the rise time or the ON time is given by  
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(2.33)  
However when the electric filed is removed, the orientation of the droplet director 
changes and the sum of the elastic and the viscous torques equals zero. The time constant 
for the relaxation time is hence given by 
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(2.34)  
This is valid for droplets with shape anisotropy since for spherical droplets the relaxation 
time is undefined since surface interactions and configuration changes are ignored [29]. 
2.5 Hyperspectral imaging 
Light carries information in the form of intensity, spectral distribution, 
polarization, time of flight and phase.  Usually reflection and thermal emissions from 
objects contains the desired information. Emissivity and reflectivity are two of the 
fundamental physics principles that govern hyperpsectral remote sensing. The portion of 
the electromagnetic  
spectrum sought for exploitation from a hyperspectral sensor—visible, near infrared, 
shortwave infrared, midwave infrared, or longwave infrared—will define the design 
specifications for sensor optics and detector array, as well as the application of the remote 
sensor [32].  
 Hyperspectral remote sensors, on the other hand, collect image data simultaneously in 
dozens or hundreds of narrow, adjacent spectral bands.  These measurements make it 
possible to derive a continuous spectrum for each image cell, as shown in the illustration 
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below. After   adjustments   for   sensor, atmospheric, and terrain effects are applied, 
these image spectra can be compared with field or laboratory reflectance spectra in order 
to recognize and map surface materials such as particular types of vegetation or 
diagnostic minerals associated with ore deposits [33]. 
Hyperspectral images are produced by instruments called imaging spectrometers. The 
development of these complex sensors has involved the convergence of two related but 
distinct technologies: spectroscopy and the remote imaging of Earth and planetary 
surfaces. 
 
Figure 2.10: a) Basic front end components of a hyperspectral imaging system 
comprising of scan optics, dispersing elements, imaging optics and detectors. b) Typical 
hyperspectral cube data generated post processing from the imager [33] 
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Spectroscopy is the study of light that is emitted by or reflected from materials 
and its variation in energy with wavelength. As applied to the field of optical remote 
sensing, spectroscopy deals with the spectrum of sunlight that is diffusely reflected 
(scattered) by materials at the Earth‘s surface.  Instruments called spectrometers (or 
spectroradiometers) are used to make ground-based or laboratory measurements of the 
light reflected from a test material.  An optical dispersing element such as a grating or 
prism in the spectrometer splits this light into many narrow, adjacent wavelength bands 
and the energy in each band is measured by a separate detector.  By using hundreds or 
even thousands of detectors, spectrometers can make spectral measurements of bands as 
narrow as 0.01 micrometers over a wide wavelength range, typically at least 0.4 to 2.4 
micrometers (visible through middle infrared wavelength ranges). 
Remote imagers are designed to focus and measure the light reflected from many 
adjacent areas on the Earth‘s surface.  In many digital imagers, sequential measurements 
of small areas are made in a consistent geometric pattern as the sensor platform moves 
and subsequent processing is required to assemble them into an image.  Until recently, 
imagers were restricted to one or a few relatively broad wavelength bands by limitations 
of detector designs and the requirements of data storage, transmission, and processing.  
Recent advances in these areas have allowed the design of imagers that have spectral 
ranges and resolutions comparable to ground-based spectrometers. 
In reflected-light spectroscopy the fundamental property that we want to obtain is 
spectral reflectance: the ratio of reflected energy to incident energy as a function of 
wavelength.  Reflectance varies with wavelength for most materials because energy at 
certain wavelengths is scattered or absorbed to different degrees.  These reflectance 
32 
 
 
 
variations are evident when we compare spectral reflectance curves (plots of reflectance 
versus wavelength) for different materials, as in the illustration below.  Pronounced 
downward deflections of the spectral curves mark the wavelength ranges for which the 
material selectively absorbs the incident energy. These features are commonly called 
absorption bands. The overall shape of a spectral curve and the position and strength of 
absorption bands in many cases can be used to identify and discriminate different 
materials.  For example, vegetation has higher reflectance in the near infrared range and 
lower reflectance of red light than soils [33] 
Although most hyperspectral sensors measure hundreds of wavelengths, it is not 
the number of measured wavelengths that defines a sensor as hyperspectral.  Rather it is 
the narrowness and contiguous nature of the measurements.  For example, a sensor that 
measured only 20 bands could be considered hyperspectral if those bands were 
contiguous and, say, 10 nm wide.  If a sensor measured 20 wavelength bands that were, 
say, 100 nm wide, or that were separated by non-measured wavelength ranges, the sensor 
would no longer be considered hyperspectral [34]. 
Table 2.1 provides a list of satellite based hyperspectral sensors and Table 2.2 
provides a list of airborne hyperspectral sensors.  Unlike airborne sensors, space-based 
sensors are able to provide near global coverage repeated at regular intervals.  Therefore, 
the amount of hyperspectral imagery available should increase significantly in the near 
future as new satellite-based sensors are successfully launched.  
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Table 2.1: List of Satellite borne hyperspectral sensors 
Satelite sensors Number of bands Spectral range Manufacturer 
FTHSI on MightySat 
II 
265 0.35-1.05μm Air Force research Labs 
Hyperion on EO-I 220 0.4-2.5 μm NASA Goddard Space 
flight Center 
 
Table 2.2: List of airborne hyperspectral sensors 
Airborne sensors Number of bands Spectral range Manufacturer 
AVIRIS 224 0.4- 2.5 μm NASA Jet 
Propulsion Lab 
HYDICE 210 0.4- 2.5 μm Naval Research Lab 
PROBE-I 128 0.4- 2.5 μm Earth Search 
Sciences Inc 
CASI Upto 228 0.4-1 μm ITRES Research 
Ltd 
HyMap 100-200 Visible to thermal 
infrared 
Integrated 
spectronics 
EPS-H VIS/NIR (76), 
SWIR1 (32), 
SWIR2 (32), TIR 
(12 
VIS/NIR 
(.43 to 1.05 mm), 
SWIR1 
(1.5 to 1.8 mm), 
SWIR2 
GER Corporation 
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(2.0 to 2.5 mm), 
and TIR 
AISA up to 28 0.43 to 1.0 m Spectral Imaging 
 
 This concludes the introductory part required to further delve into the details of 
this work. The next chapter will review the current state of the art in Hyperspectral 
imaging and techniques to improve the electro – optic response of H-PDLC‘s.   
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CHAPTER 3.   Review of current state of the art 
 
3.1 Existing techniques of improving electro optic response of H-PDLC  
H-PDLC‘s in general, based on the material set used, switch at high voltages of 
the order of 200V- 300V and have fairly good response times on the order of micro 
seconds. This high voltage switching limits its use in potential devices that use low 
voltages for switching. This section reviews the techniques, methods and approaches 
taken in the past to address the issue of lowering the switching voltage of H-PDLC and 
improving the response times.  
  The two main sources leading to an increased switching voltage are the size of 
the droplets, its morphology, dielectric anisotropy and the anchoring strength of the LC 
molecules on the polymer [35-37]. Sarkar et.al. showed the influence of partial 
fluorination of the matrix on the morphological and electro-optic properties of H-PDLC. 
The fluorine atoms reside at the interface between the LC and the Polymer matrix hence 
reducing the anchoring strength of the LC molecule on the polymer. The result is that of a 
reduction in switching voltage and an increase in relaxation frequency of the H-PDLC 
droplets [38]. As schematic of the partial matrix fluorination and the location of the 
fluorine atoms after fabrication is shown in Figure 3.1      
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Figure 3.1: Schematic representation of H-PDLC gratings with fluorine atoms a) before 
fabrication b) after fabrication where the fluorine atoms reside at the interface of the LC 
and the polymer reducing the interfacial energy [38]  
 
 Addition of high dielectric anisotropic compound (MLC) reduces the response 
time and switching voltage of the H-PDLC film while at the same time modifying the 
diffusion kinetics due to increased viscosity. As seen in equation 2.32 the threshold 
voltage required to switch the H-PDLC film is inversely proportional to Δϵ, the dielectric 
anisotropy of the LC. Addition of MLC increases this anisotropy and hence leads to a 
reduction in switching voltage. The high dielectric anisotropy of MLC contributed to the 
orientation of LC molecules along the electric direction and lowered the switching 
voltage of the ﬁlm, which is accompanied by the decreased rise time and decay time 
owing to the decreased droplet size [39]. The effect of increasing amount of MLC in H-
PDLC on its switching voltage is shown in Figure 3.0.2 
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Figure 3.0.2: Change in diﬀraction eﬃciency of the ﬁlm as a function of applied voltage 
at various MLC content [39] 
 
 Addition of a non-reactive surfactant like molecule helps reduce the switching 
voltages of the H-PDLC films by residing near or in the LC domains. However they  
contaminate the droplet, reducing the clearing temperature and potentially giving rise to 
long-term degradation issues [23]. The effect of reduction in switching voltage in shown 
in Figure 3.3 
 
 
Figure 3.3: Normalized diffraction efﬁciency versus voltage (RMS) for reﬂection gratings 
formed without (square) and with surfactant (circle) [23] 
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 A different approach to reduce the switching voltage is to avoid the formation of 
the nematic LC droplets during fabrication of the H-PDLC grating structure. This is 
achieved by heating a sample of photoinitiator, monomer and NLC mixture to a 
temperature above the nematic to isotropic transition point of the NLC component. This 
prevents the appearance of the nematic phase during the curing process and results in  
pure LC and polymer slices within the sample. This grating structure is known as 
POLICRYPS and has polarization dependent diffraction efficiencies and has dramatically 
low switching voltages [40]. The switching of the POLICRYPS grating is shown in 
Figure 3.4 
 
Figure 3.4: Applied field dependence of zero-order transmittivity (squares), first-order 
transmittivity (circles), and total transmittivity  (triangles) for a POLICRYPS grating [40] 
 
 An approach that completely avoids the use of electric fields to switch the H-
PDLC films and uses light to switch the films is discussed here. Addition of an azo dye 
whose trans-cis isomerization can be controlled by visible light is used in the H-PDLC 
films. The azo dyes reside in the LC droplets after phase separation. The light absorption 
of azo dyes causes the LC molecules to undergo a nematic to isotropic phase transition 
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which changes the refractive index experienced by the incoming light and thus changing 
the reflection efficiency [41].This working mechanism is shown in Figure 3.5   
 
 
Figure 3.5: Schematic of the experimental setup and working mechanism. The magniﬁed 
part shows the working mechanism of the optically switchable process [41] 
 
 In H-PDLC‘s doped with various nanoparticles such as Au, ZnO, and TiO2
 
the 
nanoparticles tend to counter diffuse away into the LC rich regions [42, 43] which could 
have deleterious effects on the LC switching. An important strategy would be to 
sequester the nanoparticles in the polymer rich regions to help electro-optic switching by 
modifying the dielectric properties of the polymer regions alone. Busbee et.al. proved a 
reduction in switching voltage of the H-PDLC films by doping it with functionalized 
SiO2 such that the nano particles sequestered without aggregating in the polymer rich 
domains [44].  A schematic representation of the sequestration of nano particles is shown 
in Figure 3.6 
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Figure 3.6: Schematic representation of the holographic sequestration of SiO2 
nanoparticles within a HPDLC system. a) Starting mixture of nanoparticles, monomer, 
and liquid crystal (minor components not shown). b) Bare silica nanoparticles sequester 
into the liquid-crystal phase. c) Hydrophobic PTES-functionalized nanoparticles 
aggregate and generally reside in the polymer region. d) Reactive MPTMS-functionalized 
nanoparticles disperse uniformly in the polymer region. [44] 
 
Attempts to reduce the switching voltages also include addition of conductive polymers 
[45]. An anomalous dependence of transmission on control voltage in PDLC films with 
multiwalled carbon nanotubes was previously reported [46]   
3.2 Hyperspectral imagers: Optical front end 
3.2.1 Static optical front end systems 
The wavelength dispersing element in a hyperspectral imaging system with a 
static optical front end comprises of a either a prism [47], grating (reflective surface 
gratings or volume holographic gratings) or a prism grating prism structure [48, 49]. 
Transmission volume holograms are usually used in prism grating prism structures since 
they provide high diffraction efficiency of up to 80-90%across a narrow spectral band 
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and polarization independence. The working principle of the prism grating prism 
structure is shown in Figure 3.7.  
 
Figure 3.7: Principle and working of the Prism grating prism structure [48] 
 
A collimated beam of light from the collimating optics is refracted by Prism 1. Its 
vertex angle β1 is calculated so that the incidence angle of the refracted beam is equal to 
the Bragg angle θB for a certain wavelength but not necessarily for the central wavelength 
λC of the spectrum from λS to λL. The grating diffracts the light in the diffraction order -1. 
The vertex angle β2 of the Prism 2 and the thickness of P2 of the second half of the PGP 
are optimized to refract the spectrum so that light spot of both ends of the spectrum on 
the detector are at the same distance from the optic axis [48].     
Traditional mountings such as the Czerny-Turner [50] and Ebert type reflective 
mountings in an imaging spectrograph have limited flat field and large spot size. 
Aberration correction in these mounts can be achieved by varying the groove density 
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across the aperture. The Offner spectrograph [51, 52] with reflective convex grating 
offers significant improvement in image quality. Figure 3.8 shows a classic Offner 
spectrograph configuration. Some of the problems associated with imaging spectrographs 
are change of dispersion angle with field position and change of magnification with 
wavelength often known as smile and spectral keystone respectively [53].   
 
Figure 3.8: An Offner spectrograph configuration with reflective grating with a full 
0.4μm to 1μm spectral range [53].  
 
The Dyson spectrograph [54] has also been widely used in hyperspectral imaging 
[55]. It has several advantages such as sharp imagery due to low sidereal aberrations, 
high numerical aperture, and flat field to name a few. However this configurations also 
suffers from low dispersion, mismatch in the focal ratio in the telescope used and need a 
diffraction grating which is Holographically formed [56].  
 
3.2.2 Dynamic optical front end systems: 
   Dynamic optical front end systems comprises of tunable filters (TF) along with 
imaging optics. A TF is a device whose spectral transmission can be electronically 
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controlled by applying voltage, acoustic signal, etc.  An ideal tunable filter would possess 
the attributes listed in Table 3.1  In practice these attributes are only met to a limited 
degree and each TF technology presents advantages and disadvantages [57]. 
Table 3.1: Ideal tunable filter characteristics 
Minimal tunability time  Insensitive to environment (ambient 
temperature, humidity, etc.  
Minimal out of band transmission Wide field of view  
Minimal physical thickness Infinite spectral range  
Low power consumption  Top hat band pass  curve  
Polarization insensitive Large aperture  
Selectable bandpass Constant bandpass  
Perfect MTF Random access to wavelengths 
 
In general, tunable filters can be broadly classified into the following catagories: 
Acousto optic tunable filters, electronically tunable filters and Interferometer based 
filters. 
Principle and working of acousto optic tunable filters 
An AOTF consists of a crystal in which radio frequency (RF) acoustic waves are 
used to separate a single wavelength of light from a broadband source.  The wavelength 
of light selected is a function of the frequency of the RF applied to the crystal.  Thus, by 
varying the frequency, the wavelength of the filtered light can be varied.  The most 
common types of AOTFs that operate from the near UV through the short wave infrared 
region use a crystal of Tellurium Dioxide (TeO2), KDP or Hg2Cl2 in a so-called non-
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collinear configuration — the acoustic and optical waves propagate at quite different 
angles through the crystal.  An RF transducer, bonded to one side of the TeO2 crystal, 
emits acoustic waves.  As these acoustic waves pass through the TeO2, they cause the 
crystal lattice to be alternately compressed and relaxed.  The resultant density changes 
produce refractive index variations that act like a transmission diffraction grating or 
Bragg diffracter.  Unlike a classical diffraction grating, however, the AOTF only diffracts 
one specific wavelength of light, so that it acts more like a filter than a diffraction grating.  
This is due to the fact that the diffraction takes place over an extended volume, not just at 
a surface or plane, and that the diffraction pattern is moving in real time.  The diffracted 
light intensity is directed into two first order beams, termed the (+) and (-) beams, 
orthogonally polarized, both of which are utilized in certain applications.  To use the 
AOTF as a tunable filter, a beam stop is used to block the undiffracted (zero order), 
broadband light and the (+) and/or (-) monochromatic light is directed to the camera.  The 
angle between the beams is a function of device design.  The bandwidth of the selected 
light depends on the device and the wavelength of operation, and can be as narrow as 1 
nm FWHM.  Transmission efficiencies are high (up to 98%), with the intensity divided 
between the (+) and (-) beams.  AOTFs can also be of collinear type depending on the 
AO crystal used to fabricate the cell (typically with crystals such as quartz, lithium 
niobate, etc.), where the incident and diffracted light and acoustic waves travel in the 
same direction [58-61].  The polarization of the incident and diffracted beams are 
orthogonal, and the two beams are separated by using a set of polarizers.   
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Figure 3.9: Schematic of an KDP crystal based acousto optic tunable filter [62] 
 
Most of the filters used in imaging applications are noncollinear and filter 
unpolarized broadband light into three spatially separated beams: one frequency 
upshifted, one frequency downshifted, and one of undiffracted light his consists of both 
an ordinary and an extraordinary wave that contains incident light at all wavelengths 
except the diffracted wavelength. The two frequency-shifted beams have orthogonal 
polarizations, and they are spatially separated. In general, to carry out spectral imaging 
using an AOTF, one uses one of the diffracted beams with a two-dimensional focal-plane 
array while the other two output beams are blocked. 
The tuning relationship for a noncollinear filter using wide-angle diffraction 
geometry for Δn/n0<<1 in the negative uniaxial crystal is given by the following equation 
[62] 
 λ   Δ     
     θ    
   θ 
 
(3.1)  
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where λ0 is the diffracted wavelength, Δn is the birefringence, V is the acoustic velocity 
in the material, f is the applied radio frequency, θd is the diffraction angle for the 
extraordinary polarized beam and   is the tilt angle. The angle θd is related to the Bragg 
angle of incidence θ0, and the two indices of refraction no (ordinary refractive index) and 
nd (extra ordinary refractive index) as:  
 θ           
  
  
    θ   
(3.2)  
where the refractive index nd can be expressed as:  
         
  
  
     θ      (3.3)  
 The angular field of view (the angular separation between incident and diffracted 
beams), Δθ= θ0-θd, in the crystal for small values of Δθ is given by the following 
expression: 
  θ   
  
  
      θ       θ  (3.4)  
The optical passband, Δλ, and filter resolving power, R, for small values of acoustic walk 
off angle are given by: 
  λ  
   λ 
    θ 
        θ    
 
(3.5)  
   
λ 
 λ
     
        θ    
λ    θ 
 
(3.6)  
where L is the length of the transducer.    
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Principle and working of electronically tunable filters 
Electronically tunable optical filters often use electro-optics crystals such as KDP 
and ADP or liquid crystals (LC) as variable birefringent retarders to produce a narrow 
passband at any wavelength of the broadband incident light. There are two types of of 
classical optical birefringence filters the Lyot filter [63] and the Solc filter [64, 65].  
One stage of the Lyot tunable filter usually comprises a front polarizer, an integrated 
retarder, and a rear polarizer. The integrated retarder contains a variable retarder and a 
fixed retarder, or only a variable retarder. The nematic LC cells have several attractive 
advantages, which is beneficial for tunable filter designs. Figure 3.10 schematically 
shows the structure of a single-stage Lyot LCTF. The transmission axes of the two 
polarizers are at 45° to the x axis. 
 
Figure 3.10: Schematic of a single stage Lyot liquid crystal tunable filter [57] 
 
The integrated retarder, which is composed of a nematic LC cell and a quartz crystal 
wave plate, has the optical axis parallel to the x axis. The birefringence Δn is ne – no, and 
the retarder thickness is d. The phase retardation is  
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(3.7)  
where no is the ordinary refractive index, ne is the extraordinary refractive index, and λ is 
the wavelength. The transmission of the Lyot tunable filter relative to the linear polarized 
light passing the front polarizer is given by   
       
 
 
         
 
 
 
          (3.8)  
where  lyot =  lc +  qz, ,  lc and  qz are the phase retardation of the LC cell and quartz 
crystal plate respectively. When  lyot = 2K , where K = 1; 2; 3…, the transmission T is 
equal to 1.  
Normally, several Lyot filters are cascaded into a multistage Lyot filter for practical 
applications. The transmission of the multistage Lyot filter is the product of the 
transmission of each stage: 
      
  
 
 
         
 
 
          
 
 
             
 
 
   
(3.9)  
The phase retardation of the latter stage is twice of that of the previous one. The side 
lobes adjacent to the transmission peak are worthy of consideration, and the amount of 
out-of-band leakage cannot be reduced by changing the ratios of the phase retardation in 
each stage [66].  
Interferometer based filters 
A number of interferometers have been used as ETF in similar applications.  
These devices produce an extremely high spectral resolution and may be more 
appropriate for gas/plume detection tasks.  Fourier Transform Spectrometers (FTS) have 
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been used in imaging modes [67] often, though, with a small number of spatial pixels.  
Various forms of Fabry-Perot (F-P) [68, 69] etalons and liquid crystal F-P (LCFP) [70, 
71]  have been used in imaging spectrometry.  Micro electro manufacturing (MEM) 
technology promises small scale integration of F-P or FTS filters on a chip, simplifying 
the overall sensor design.  Other application specific imaging techniques worth 
mentioning include the Shearing Interferometer [72].  and pressure modulated gas 
filtering [73].  The linearly variable filter (LVF), although non tunable, is also a useful 
spectral imaging device. 
Although both the static and dynamic wavelength dispersing elements discussed 
above have been thoroughly developed and are commercially available none of them 
offer the ability to obtain a spectral multiplex and microsecond operation.  The next 
chapter details a new method of hyperspectral imaging which addressed both acquisition 
of a spectral multiplex and microsecond operation.  
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CHAPTER 4.   Novel method of Hyperspectral imaging with H-PDLC 
 
This chapter introduces the concept of a novel method of hyperspectral imaging 
using H-PDLC stacks as the wavelength filtering element giving the system an ability to 
rapidly obtain a spectral multiplex of the imaged entity in a specified spectral band. 
Novel concept and the technical approaches for developing the hyperspectral imager have 
been discussed in detail in this chapter. 
 
Introduction and Background 
H-PDLC allows for the development of an extremely fast spectrally tunable filter 
for remote surveillance applications such as airborne detection of activities associated 
with the production of weapons of mass destruction (WMD).  When such a tunable filter 
is used in concert with imaging optics and a focal plane array (FPA), the result is a high 
speed hyperspectral imager (HSI) that enables advanced detection and identification 
capabilities over basic imaging systems.  While an array of HSI technologies based on 
tunable filters, various types of interferometers, and dispersive mechanisms are available 
as discussed in detail in Chapter 3, a key attribute of this HSI is the ability to rapidly tune 
between and/or through the spectral bands to support hyperspectral imaging from a 
moving platform such as an aircraft.  The rapid acquisition of the hyperspectral cube 
minimizes artifacts due to the motion of an object during the acquisition.  An ideal 
switching rate between spectral bands for such an application is less than 1 ms.  A 
potential result of the fast acquisition time and corresponding short integration, however, 
is low signal to noise (SNR) of the remote measurement; the tunable-filter based HSI 
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therefore must have high radiometric efficiency as well as etendue in order to compensate 
for the short integration time.  While a tunable filter is easy enough to design for high 
radiometric efficiency and etendue, an inherent shortcoming in the state of the art is the 
inability to spectrally multiplex; in other words, each spectral resolution element is 
acquired in series, and the integration time associated with the acquisition of each 
spectral resolution element is a small fraction of the total hyperspectral cube acquisition 
time.  A concept to circumvent this shortcoming represents a radiometric improvement 
equal to the square root of the number of spectral resolution elements.     
 
Technical Approach  
  As discussed in detail in Section 2.4, an H-PDLC element is a periodic structure 
comprised of alternating polymer and LC droplet layers which create a Bragg grating.  
The period of the layers determines the Bragg wavelength that is reflected; the number of 
layers determines the passband or spectral resolution about the Bragg wavelength.  
Applying a voltage across the structure causes the LC droplets to rapidly rotate state 
which alters the refractive index of the LC layers such that it matches that of the polymer 
layers; this effectively negates the Bragg grating such that the Bragg wavelength is no 
longer reflected and in fact transmits the element.  The small size of the LC droplets 
supports an extremely high switching speed on the order of 20μs, which is faster than 
competing technologies.  A tunable filter is realized with a stack of H-PDLC elements 
each designed for a different Bragg wavelength and separated by the passbands of the H-
PDLC elements.  In operation, a voltage applied to all elements therefore results in full 
transparency across the spectral range, and the unbiasing of select elements results in the 
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rejection of the corresponding Bragg wavelengths as shown in Figure 4.2  In this way, the 
filter can be tuned, elements by element, though the spectral range of the stack.  
Alternatively and as a result of the extremely fast switching speed, each H-PDLC element 
can be modulated at a different frequency on the order of tens of kHz, thereby supporting 
the ability to synchronously detect and demodulate each wavelength with a high update 
rate of the entire hyperspectral cube.  In other words, the H-PDLC tunable filter can 
spectrally multiplex thereby gaining the radiometric benefit described in the previous 
section.     
 
Figure 4.1: H-PDLC tunable filter as part of a high speed HSI.  Light from a scene of 
interest is incident upon the H-PDLC stack composed of a series of elements each 
designed for a different Bragg wavelength. The H-PDLC elements can either be stepped 
through in series, or each can be modulated at a different frequency thereby encoding 
each wavelength in the frequency 
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Figure 4.2: Ideal H-PDLC Tunable Filter stack Spectral Characteristics 
 
  H-PDLC stack composed of 40 elements spanning the 400 to 800 nm spectral 
range, each with a roughly 10 nm passband is fabricated.  An example of how the H-
PDLC tunable filter HSI might be used is as follows, each presuming an FPA is available 
with a sufficiently high frame rate.  Based on the 20μs switching rate, the entire 
hyperspectral cube can be sequentially stepped through in 800 μs.  Along the same lines, 
designated spectral elements for a particular application can be sequentially stepped 
through in a shorter time.  In the spectrally multiplexed mode, the 40 elements can be 
modulated at evenly spaced frequencies between 20 and 40 kHz; the full hyperspectral 
cube can be acquired and resolved in 2 ms.  Similarly, again if fewer spectral bands are 
designated for a particular application, each can be modulated at a different frequency 
and resolved with an observation time shorter than 2 ms.  The spectral bands of interest 
for a given application need not be contiguous, and each spectral passband in the stack 
also need not be the same width.  For example, conceptually, a single very narrow (≈ 1 
nm) H-PDLC element can be added to coincide with a laser line for a laser ranging 
application where all of the other bands are closer to 10 nm wide.  The H-PDLC 
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approach represents an extremely versatile tool for a broad range of HSI uses.  Some of 
the potential applications of high speed HIS are listed in the table below  
Table 4.1: Potential high speed HSI applications 
Raman imaging Defeating camouflage, concealment, and 
deception (CC&D) 
Surveillance and remote sensing from a 
moving platform including airborne 
Agricultural assessment and mapping 
Time resolved biological measurements 
 
Oil, gas, and mineral exploration 
Ranging (photon-counting MCP/CDL 
imager) 
Natural hazard detection (oil spills, floods, 
forest fires, volcanoes) 
Detection of activities involving the 
production of NCB WMD 
Coastal mapping (phytoplankton detection, 
ocean color, river deltas, iceberg tracking) 
Particle scattering measurements 
 
Environmental detection (air pollution, 
opacity monitoring) 
Mine detection  
 
Technical Objectives   
The goal was to design, build, and test an H-PDLC tunable filter against the 
performance requirements detailed in Table 4.2.   
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Table 4.2: Filter Performance Requirements 
Item Requirement 
Wavelength range (nm)  100 
Wavelength resolution (nm)  10 
Filter throughput (%)  40 
Clear aperture (mm) 30 
Response time (ms)  3 
 
The overall system level performance and specific technical objectives are listed in Table 
4.3 
Table 4.3: System Performance Requirements 
Item Requirement Comment 
Spectral 
range 
400 – 800 nm Application requirement 
Spectral 
resolution 
 10 nm Defined as the full width at half maximum of the 
element passband.  In concert with spectral range, the 
spectral resolution requires 40 H-PDLC elements. 
Throughput  40% DC: Defined as the difference between the biased and 
unbiased transmissions divided by the biased 
transmission. 
AC: Defined as the peak to peak amplitude of the 
modulated transmission divided by the peak 
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transmission. 
Clear 
aperture 
 50 mm Application requirement 
Acceptance 
angle 
 45 deg Application  requirement 
Response 
time 
 1 ms Application requirement, defined as the 10-90% rise and 
fall times of the filters. 
Filter size 55×55×12.5 
mm 
Based on an assumed 90% clear aperture. 
Electronics 
size 
6×8 in About the size of a half of sheet of paper 
Voltage  150 V OPTRA requirement 
User 
interface 
Serial User interface will provide a GUI that can command the 
system info various modes of operation.   
 
Breadboard Description   
The filter driving electronics supported the following four modes of operation: 
Unipolar mode: 0 – 100V, 50% duty cycle square wave at selectable drive frequency 
across 1 – 2 kHz.  This mode provided parallel collection of spectral data (i.e. the spectral 
multiplex where synchronous detection was provided for each channel).  A field 
programmable gate array (FPGA) provided square wave inputs to the synchronous 
detection circuits that were in phase or quadrature with the drive signal, allowing in phase 
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or quadrature components of the detected signal to be measured.  The synchronous 
detection outputs were filtered by a 2 pole low pass filter with a bandwidth of 50 Hz. 
Bipolar mode:  100V, 50% duty cycle square wave at selectable drive frequency across 
1 – 2 kHz.  This mode provided DC operation (full transparency) of an individual filter 
element.  This allowed for analysis of filter characteristics (transmission, resolution) with 
a conventional COTS spectrometer. 
Step mode: 100V, 500 microsecond pulse applied sequentially to each filter.  This mode 
provided operation with a high bandwidth detector such as the single photon detection 
RULLI sensor system technology.  Sample and hold circuits provided a triggered output 
for each channel.  Note that the pulse duration can be easily modified to accommodate 
slower or faster requirements. 
External mode: TTL square wave input.  This mode provided the ability to externally 
drive a filter with a function generator. 
 
Electronics Description  
This section describes the electronics that was designed and built for driving the 
H-PDLC stacks and detection of multiplexed data. The electronics circuits, packaged on a 
printed circuit board approximately 6 inches by 8 inches,  are illustrated in Figure 4.3 
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Figure 4.3: Electronics Block Diagram and driving mechanism for the H-PDLC filters 
 
 
Controller  
The primary requirements for the controller are; Receive commands from and 
send data to user pc via a USB port. Reformat commands and send to field programmable 
gate array (FPGA). As the requirements are straightforward, an existing microcontroller 
design based on the TI TMS320F2812 is used. 
 
FPGA 
An FPGA is used to receive commands from the controller, and send commands 
to the forty high voltage amplifiers. A high frequency clock will be divided to create forty 
unique frequencies for the unipolar mode. The frequency values will be determined by 
the system analysis. The FPGA generated ten frequencies between 1 kHz and 2 kHz. 
tif/phase2bd.sch
DAQ
PC
USER
CONTROLLERUSB
INPUT
OPTICAL 
ARRAY
FILTER
H-PDLC
HV AMP
HV AMP
FPGA
1
POST
AMP
T.I.A. DETECTOR
OUTPUT
OPTICAL
TIF PHASE 2 ELECTRONICS
BLOCK DIAGRAM
40
59 
 
 
 
A parallel bus will be used to receive commands from, and send data to the 
controller. An FPGA is chosen that will accommodate the increased number of IO pins. 
OPTRA has extensive experience with FPGA designs using Xilinx FPGAs. 
 
Signal Processing 
Signal processing is carried out using a data acquisition card to acquire the analog 
signal from an amplified silicon photodiode, and to extract the spectral data using various 
techniques such as Fast Fourier Transform for the unipolar mode, and sample and hold 
for the step mode.   
A camera will be selected out of those we have in house for the hyperspectral imaging 
demonstration.  The image acquisition scheme will be determined at this time.  This will 
most likely be a Firewire or USB2 interface.   
 
High Voltage Amplifiers 
The high voltage amplifiers drive the optical filters with square waves of 0 to HV 
(unipolar and step modes), or +/- HV square waves (Bipolar mode). The value of HV will 
be determined by the filter characteristics, and is expected to be about 150 volts. The 
amplifiers are designed so that they can eventually be replicated in an application specific 
integrated circuit (ASIC). An ASIC with at least 10 amplifier circuits would be needed to 
meet the long term goal of a compact instrument. The design will use high voltage 
switching transistors and resistors. Switching voltage will be determined by the high 
voltage power supply. 
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CHAPTER 5.   Materials, fabrication and experimental methods 
 
This chapter delves into the details of the material sets used, holographic 
fabrication techniques developed to record the H-PDLC thin films, the experimental 
methods and various characterization techniques used to evaluate the optic, electo-optic 
performance and morphology of the films. 
5.1 Materials 
5.1.1 Liquid Crystal 
The primary liquid crystal component used in this work is BL038 (EM 
industries). BL038 is a blend of short chain and long chain cyano biphenyls, 4- cyano-4'-
n-pentylbiphenyl(5CB) and 4-cyano-4'-n-pentyloxybiphenyl(50CB). It consists of rod 
shaped mesogens, which exist in the nematic liquid crystal phase between ambient 
temperature upto a clearing temperature Tc of 373.2 K. This is preceded by a nematic to 
isotropic coexistence region of about 3 K. The physical, optical and dielectric properties 
of this liquid crystal are enumerated in Table 5.1. This liquid crystal is chosen because its 
ordinary refractive index matches that of the polymer refractive index used in this work.  
Table 5.1: Physical properties of LC BL038 
Physical properties Value 
Clearing point 100 
0
C 
Flow viscosity, ϑ 72 mm2s-1 
Optical anisotropy, Δn @ 589.3nm 
                                ne  @ 589.3nm 
                                no  @ 589.3nm 
0.2720 
1.7990 
1.5270 
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Dielectric anisotropy, Δε @ 1kHz 
                                      ε‖ @ 1kHz 
                                     ε┴ @ 1kHz 
16.9 
23.0 
6.1 
 
5.1.2 Photo-polymers 
 Two sets of monomers are used in this research acrylate based and thiolene based 
monomers. The acrylate based monomers comprised of a tri-functional oligomer 
EBECRYL 4866 (Cytec Industries) and a hexa-functional oligomer EBECRYL 8301 
(Cytec Industries). Some of the physical properties of these acrylate based monomers is 
given in table Table 5.2 
Table 5.2: Physical properties of acrylate based monomers EBECRYL 4866 and 8301 
Property Value 
EBECRYL 4866 
Functionality 3 
Viscosity 180000 cP @ 25 
0
C 
3201 cP @ 60 
0
C 
Tg 72 
0
C 
EBECRYL 8301 
Functionality 6 
Viscosity 24600 cP @ 25 
0
C 
211 cP @ 65.5 
0
C 
Tg 72 
0
C 
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  The thiolene based monomer comprises of a commercially available optical 
adhesive NOA65 (Norland Products). NOA65 is cured by ultraviolet light with a 
maximum absorption within the range of 350-380 nanometers. The recommended energy 
required for full cure is 4.5 Joules/sq. cm of long wavelength UV light. The typical 
properties of NOA65 are given the Table 5.3 
 
Figure 5.0.1: Transmission spectra of cured NOA65 
 
Table 5.3: Physical properties of thiolene based polymer NOA65 
Property Value 
Viscosity 1200 cPs @ 25 
0
C 
Refractive index of cured polymer 1.524 
Temperature range -15 
0
C – 60 0C 
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5.1.3 H-PDLC recipes: 
Acrylate formulation  
The acrylate pre-polymer mixture is comprised of a homogenous blend of tri-
functional and hexa-functional oligomers Ebecryl 4866 and Ebecryl 8301 (Cytec 
Industries Inc.), LC BL038 (Merck & Co.Inc), photo-initiator, to sensitize the blend to 
visible wavelengths, and surfactant Tween 80 (Aldrich Inc.), to improve the electro optic 
response. The photo-initiator consists of Rose Bengal, co-initiator N-Phenyl Glycine and 
N-Vinyl Pyrrolidone. The percentage ratio weights of the components used are given in 
Table 1.The birefringence of BL038 is ∆n = 0.272 and its ordinary refractive index is no = 
1.527. The refractive index of cured Ebecryl 4866 and Ebecryl 8301 blend is 
approximately 1.55. 
Table 5.4: Composition of Acrylate H-PDLC 
Component Chemical % Weight 
Tri-functional oligomer Ebecryl 4866 22.5% 
Hexa-functional oligomer Ebecryl 8301 22.5% 
Surfactant Tween 80 10% 
Liquid crystal LC Bl038 32.4% 
Photoinitiator blend  12.6% 
 
Table 5.5: Photoinitiator composition 
Component Chemical % Weight 
Photoinitiator Rose Bengal 4% 
Co-initiator N-Phenyl Glycine 10% 
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Solvent N-Vinyl Pyrrolidone 86% 
 
 
 
Figure 5.2: Absorption spectrum of Rose Bengal 
 
Thiolene formulation  
The thiolene based prepolymer is comprised of a homogeneous blend of 
commercially available NOA65 (Norland Optical Adhesives,Inc.), LC BL038 and a 
photoinitiator to sensitize the blend to visible wavelength. Laser grade dye Rhodamine 
6G (Acros organics), whose absorption spectrum is shown in Figure 5.0.3, and benzoyl 
peroxide (Aldrich) was used as initiator and co-initiator respectively. The percent weights 
of the components used with a visible photoinitiator are given in Table 5.6 and the 
percent weights of the components used with a UV photoinitiator are given in Table 5.7 
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Table 5.6: Composition of Thiolene H-PDLC with visible photoinitator 
Component Chemical % Weight 
Monomer NOA65 68% 
Liquid crystal BL038 25% 
Photoinitiator Rhodamine 6G 0.4% 
Co-initiator Benzoyl Peroxide 3% 
Solvent N-Vinyl Pyrrolidone 3.6% 
 
Figure 5.0.3: Absorption spectra of Rhodamine 
 
Table 5.7: Composition of thiolene H-PDLC with UV photoinitator 
Component Chemical % Weight 
Monomer NOA65 65% 
Liquid crystal BL038 30% 
Photoinitiator Darocur 4265 5% 
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5.1.4 Multiwalled carbon nanotubes 
Carbon Nanotubes were discovered by Sumio Ijima in 1991 in deposits on an 
electrode on the carbon arc apparatus that was used to produce fullerenes [74]. Methods 
of synthesizing carbon nanotubes include arc discharge [75], laser ablation [76] and 
chemical vapor deposition (CVD) [77, 78]. The mechanical [79], thermal [80], electrical 
[81] and optical [82] properties of nanotubes have made them very attractive in the 
nanotechnology domain. Applications such as field emission displays, biosensors, 
integrated circuits, membranes and separators have been proposed and demonstrated [83]. 
Another attractive feature is the possibility of addition of various functional groups to the 
nanotubes sidewalls which allows for better bonding or linking of the nanotubes to the 
epoxy or polymer matrix [84].  In this research we take advantage of the electrical and 
optical properties of multiwalled carbon nanotubes to enhance the electro-optic properties 
of H-PDLC‘s. The MWNT‘s used in this work were provided by Prof. Yury Gogotsi at 
Drexel University. The MWNT‘s from Arkema had undergone prior purification and did 
not contain large amounts of amorphous carbon and metal impurities if any were 
removed during the purification process [85]. The process of oxidation and dispersion of 
MWNT in Dimethylformamide (DMF) to obtain a stable suspension is discussed 
extensively elsewhere [86, 87] and its effects on the electrical properties of the composite 
have been studied in the past [88, 89]. The diameter of the MWNT‘s were 20 nm and had 
a poly dispersity in length from 1 μm to 10 μm. 
5. 2 H-PDLC fabrication techniques/ holographic recording 
The H-PDLC cell was formed by sandwiching the pre-polymer mixture between 
two glass slides (Corning 1737) spaced 20 microns apart using cylindrical glass spacers. 
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The sandwich was pressed under a balloon press to ensure uniformity in thickness of the 
film. The glass slides were coated with ITO on and had a resistivity less than 300 
Ω/square and a transmission of 97% in the wavelength range of 450nm to 800nm. The 
sandwiched cell was exposed to an interference pattern, for 60 seconds, formed by two 
interfering beams generated using a Coherent Verdi 532nm laser radiating at 200mW/cm
2
 
using one of the three holographic recording techniques shown in Figure 5.4, Figure 5.5 
and Figure 5.6.  
Exposure of an interference pattern, generated by a laser beam, on a homogenous 
mixture of photo-polymerizable monomer and liquid crystal (LC) results in a photo 
polymerization induced phase separation where in the monomers polymerize in the bright 
regions causing counter diffusion of LC‘s into the dark region of the interference pattern 
where they coalesce to form nanometer size LC droplets with shape anisotropy. Such a 
phenomenon results in a periodic refractive index variation in the thin film where the 
alternating polymer and LC droplet rich planes form a Bragg grating. The grating pitch is 
determined by the angle of the recording beams [90]. 
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Figure 5.4: Schematic of two beam holographic recording process for H-PDLC 
 
Figure 5.5: Schematic of a one beam holographic recording process for H-PDLC. The 
reflection of the incident beam from the mirror acts as the second beam  
 
 
 
69 
 
 
 
 
Figure 5.6: Prism method for holographic recording of H-PDLC where the total internal 
reflection (TIR) of the prism is frustrated by placing the H-PDLC cell behind the prism 
with an index matched fluid.  
 
5.3 Experimental analysis techniques: 
Optical spectrometry 
The reflection H-PDLC gratings samples were illuminated with an unpolarised 
halogen white light source (HL 2000, Ocean Optics) with the angle of incidence of light 
perpendicular to the cell and the transmission spectra was recorded using a spectrometer 
(HR4000CG-UV-NIR, Ocean Optics) to observe any changes in reflection efficiency in 
samples doped with various concentrations of MWNT. A typical H-PDLC reflection 
notch is shown in Figure 2.9 b.  
Switching voltage determination  
 A square wave with duty cycle of 50% was generated using a function generator 
(Agilent 3320A) and amplified using a piezo amplifier (Trek PZD 700). This amplified 
square was applied across the H-PDLC filter and the change in transmission was 
observed using the spectrometer. The applied E-filed was increased in steps of 25V till 
the H-PDLC cell was rendered transparent and no notch was seen. This voltage would be 
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the final voltage required to completely switch the H-PDLC. A switched H-PDLC spectra 
with no reflection notch is shown in Figure 2.9 d.  
Switching speed determination 
A monochromator (Oriel, Newport Corporation) was used to generate the 
reflected Bragg wavelength and the rise and fall time were recorded using a photodiode 
(Thorlabs, DET36A) and an oscilloscope (Agilent 54622A). The applied voltage was 
increased in steps till a complete transmission of the incident wavelength was seen. At 
this switching voltage the rise and fall time were measured.  
Real time evolution of diffracted order 
 In order to study the real time evolution of the diffracted order and how it behaves 
in presence of nanoparticles diffraction gratings were fabricated using the schematic 
shown in Figure 5.7. Real time evolution was captured using a photodiode (Thorlabs, 
DET36A) and data was acquired and processed using a labview interface. The advantage 
of this setup is that it allows an in-situ method of monitoring the quality of the gratings 
being recorded. 
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Figure 5.7: Schematic for fabricating a diffraction grating and capturing the evolution of 
the diffracted order in real time. The He-Ne laser provides a 632nm wavelength which is 
insensitive to the H-PDLC mixture and hence acts as a probe beam to capture the 
diffracted order in real time 
 
Wavefront analysis 
A Shack-Hartmann Wavefront Sensor (Wavescope WFS-01, Adaptive Optics 
Assoc.) was used to study the aberrations introduced in the transmitted wavefront by an 
H-PDLC. This device uses the fact that light travels in a straight line and measure the 
wavefront of light.  The device consists of a lenslet array that breaks an incoming beam 
into multiple focal spots falling on a optical detector as illustrated in Figure 5.8. By 
sensing the position of the focal spots the propagation vector of the sampled light can be 
calculated for each lenslet.  The wavefront can be reconstructed from these vectors.  The 
local tilt of the wavefront across each lens can be calculated from the position of the focal 
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spot on the sensor. Any phase aberration can be approximated to a set of discrete tilts. By 
sampling an array of lenslets all of these tilts can be measured and the whole wavefront 
approximated. [91]. The wavescope used in this work was able to determine parameters 
such as Peak-valley, RMS variation, Strehl ratio, encircled energy and modulations 
transfer function. 
 
Figure 5.8: Schematic and setup for studying the transmitted wavefront quality of an H-
PDLC using a Shack-Hartmann wavefront sensor. 
 
Optical profilometry 
 
Optical profilometry is a rapid, nondestructive, and noncontact surface metrology 
technique.  An optical profiler is a type of microscope in which light from a lamp is split 
into two paths by a beam splitter.  One path directs the light onto the surface under test, 
the other path directs the light to a reference mirror.  Reflections from the two surfaces 
are recombined and projected onto an array detector.  When the path difference between 
the recombined beams is on the order of a few wavelengths of light or less interference 
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can occur.  This interference contains information about the surface contours of the test 
surface. The instrument used in this work was Zygo Newiew 6000 
Scanning electron microscopy   
The samples were freeze fractured in liquid nitrogen to obtain the thin films. LC 
was washed out in methanol before imaging using a scanning electron microscope (Zeiss 
Supra 50VP). These films were mounted on an SEM stub on copper tapes. These samples 
were then coated with a 4nm-7nm thick layer of Pt/Pd using a plasma deposition. All 
samples were imaged under high vacuum in order to visualize the effect of MWNT on 
LC droplet formation [92].  
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CHAPTER 6.   Improving electro-optic response of H-PDLC 
 
This chapter focuses on improving the electro-optic response of thiolene and 
acrylate based Polymer Dispersed Liquid Crystals in both unpatterened (PDLC) and 
holographically patterned (H-PDLC) thin films by doping them with oxidized 
multiwalled carbon nanotubes (MWNT). Results indicate a reduction in switching 
voltage which is attributed to the enhanced electric field experienced by the Liquid 
Crystal (LC) droplets trapped in the polymer matrix manifested by a decrease in 
resistivity and an increase in capacitance of the composite medium. Improved switching 
speeds is related to the reduction in size of the LC droplets since the MWNT act as 
physical barriers to the diffusing LC‘s preventing coalesce, confirmed with scanning 
electron microscopy imaging. The films are doped with various concentrations of MWNT 
to determine an optimal doping level. An anomalous electro-optic behavior is noted at 
higher concentrations. In H-PDLC the modification in diffusion kinetics is seen and real 
time diffraction efficiency measurements reveal a time delay in the appearance of the 
diffracted order due to non-participation of the nanotube in the polymerization induced 
phase separation process. An analysis of this effect is presented based on the Stoke- 
Einstein‘s diffusion equation incorporating shape anisotropy of the nanotubes.[93-95] 
6.1 Improved electro optic response in unpatterened media (PDLC) with dispersed 
MWNT 
Polymer dispersed liquid crystals (PDLC) are electro-optic thin films which can 
be switched between a light scattering state and a transparent state by application of an 
electric field across the film. It comprises of sub-micron sized nematic liquid crystalline 
droplets with positive dielectric anisotropy trapped in a polymer matrix [96]. In the 
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absence of an electric field across the film scattering arises due to index mismatch 
between the nematic droplets and polymer matrix. An electric field across the sample 
forces a reorientation torque across the LC droplets such that the ordinary refractive 
index (no) of the LC matches the refractive index of the polymer. This property along 
with its millisecond switching time has rendered it attractive for applications such as light 
modulators [97], displays [98] switchable windows [99] and numerous other applications. 
Enhancing the electro-optic properties of these devices has been a matter of research 
especially in terms reducing the switching voltage and improving switching speeds 
without significantly affecting the optical properties. The critical voltage required to 
reorient the LC droplet trapped in a polymer matrix is influenced by both the 
conductivities of LC and polymer. Large LC conductivity when compared to the polymer 
results in a polarization field opposing the external applied field hence reducing its 
effective strength. However, large polymer conductivity enhances the electric field across 
the LC droplet hence reducing the critical field required to reorient the LC [96].   
Chidichimo et. al. have shown the dependence of switching voltage on the resistivity of 
the composite [31]. Cupelli et. al. proved reduction in switching field and faster response 
in PDLC by addition of conductive polymers [45].  The LC droplet size and shape also 
effects the dielectric properties of the composite hence affecting the electro-optic 
performance of the device [100]. Sadovoy et. al. observed an influence on LC droplet 
director orientation due to addition of CNT in PDLC and its response under crossed 
polarizers [46].  
MWNT‘s were suspended in dymethyl formamaide (DMF) to obtain a uniform 
suspension. The fabrication of oxidized MWNT is mentioned elsewhere [101],[86] . 
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Commercially available LC BL038 (Merck& Co.Inc) was doped with the following 
concentrations of MWNT suspended in DMF, measured per gram of LC BL038,:  
0.01mg, 0.025mg, 0.05mg, 0.75mg, 0.1mg, 0.25mg, 0.5mg and 1mg. DMF was 
subsequently evaporated form the LC. The thiolene formulation comprised of a 
homogenous mixture of NOA65 (Norland Optical Adheives,Inc.), LC BL038 with 
MWNT  and a photoinitiator to sensitize the blend to visible wavelengths. The recipe for 
this mixture is detailed in Section 5.1.3. The acrylate formulation comprised of  tri-
functional and hexa-functional oligomers Ebecryl 4866 and Ebecryl 8301 (Cytec 
Industries Inc.), LC BL038 with MWNT, photo-initiator and surfactant Tween 80 
(Aldrich Inc) as detailed in Section 5.1.3   The oxidized MWNT‘s had a maximum length 
of 10μm and an outer diameter of 20 nm. 
PDLC cells were prepared by sandwiching the prepolymer mixtures, doped with 
various concentrations of MWNT, between ITO glass slides spaced 20μm apart using 
glass spacers. These cells were cured under a UV lamp to form PDLC‘s. Resistivity and 
capacitance of the fabricated samples were measured using a LCR meter, with a test 
voltage of 0.9V at 1 kHz, to quantify the changes in the dielectric properties of the 
composite medium due to presence of various concentrations of MWNT.  Optical 
microscopy with and without crossed polarizer‘s was performed on all the samples to 
determine the effect on LC droplet formation in presence of MWNT during photo 
induced phase separation. Electro-optic performances of the samples were measured by 
illuminating the sample with an unpolarized halogen light and the transmittance was 
measured using a spectrometer (Ocean optics) at various applied electric fields. 
Switching speed was measured by illuminating the sample with a 633nm He-Ne laser in 
77 
 
 
 
line with a photodiode connected to an oscilloscope and all samples were switched at the 
same voltage to determine the effect of various concentration of MWNT on the switching 
speeds. The samples were frozen in liquid nitrogen and the cross section was obtained by 
fracturing the samples. The LC‘s were washed away using ethanol and Scanning electron 
microscopy (SEM, Zeiss supra ) was performed on them to determine droplet formation 
in presence of MWNT. All samples were imaged at 4500x to determine changes in LC 
droplet distribution across the cross section and at 25000x to determine any changes in 
size and shape of the LC droplets.   
Optical microscopy imaging indicates that the MWNT‘s were randomly 
distributed throughout the sample and tend to form aggregates especially at higher 
concentrations (1mg of MWNT) as shown in Figure 6.1and Figure 6.2 for thiolene and 
acrylate based PDLC samples respectively. Under crossed polariszers the thiolene based 
PDLC‘s maintain a dark field at the lower and intermediate MWNT concentrations of 
0mg, 0.05mg and 0.5mg (Figure 6.1a-c). However a total birefringent field is seen in the 
PDLC sample with 1mg MWNT (Figure 6.1d). This birefringent field indicates the 
presence of bulk LC‘s on the surface of the PDLC sample and failure of droplet 
formation. A similar observation is made for the thiolene based PDLC‘s where in a 
partial birfringent field is seen even at low MWNT concentrations (Figure 6.2 a-c) and 
this field turns to a total birefringent field at 1 mg MWNT (Figure 6.2d) again showing 
presence of bulk LC‘s and prevention LC of droplet formation.   
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Figure 6.1: (a) through (d) shows Polarized optical images of thiolene PDLC doped with 
the following concentrations of MWNT 0mg, 0.05mg, 0.5mg and 1mg respectively. (i) 
through (iv) shows the corresponding optical images without polarizers and MWNT 
aggregates at 0.5mg and 1mg 
 
 
Figure 6.2: (a) through (d) shows Polarized optical images of acrylate PDLC doped with 
the following concentrations of MWNT 0mg, 0.05mg, 0.5mg and 1mg respectively. i 
through iv shows the corresponding optical images without polarizers and MWNT 
aggregates at concentrations of 0.5mg and 1mg 
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The reorientational field in a PDLC cell depends largely on the size and shape of 
the LC droplet and the conductivities and dielectric constants of the medium. Addition of 
MWNT modifies both the conductivity and the dielectric properties of the medium as 
shown in Figure 6.3 a and b for thiolene and acrylate based PDLC respectively. In both 
the systems, a drop in resistivity and an increase in capacitance is recorded for various 
doping levels of MWNT. A reduction in resistivity is an indication of an increase in 
conductivity of the medium especially the polymers used.  
 
Figure 6.3: Change in resistivity and capacitance measurements of a) thiolene and b) 
acrylate based PDLC doped with various concentrations of MWNT 
 
The MWNT does not diffuse along with the LC during the phase separation due 
to its size compared to the participating monomers and LC molecules and hence remains  
trapped in the polymer matrix adding to its conductivity. This enhances the electric field 
across the LC droplets. The enhanced electric field is now given by 
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where ζp+MWNT is now the composite conductivity of the polymer matrix doped with 
MWNT.   
Theoretically, the reorientational filed required to reorient the LC droplet is given 
by equation 2.25 [29].  Since the conductivity of the polymer increases with addition of 
MWNT, a reduction in the switching voltage is observed as shown in Figure 6.4 and 
Figure 6.5 for thiolene and acrylate based PDLC-MWNT composites. Experimental 
observation shows that an optimal concentration range (lying between 0.01mg to 
0.075mg) of MWNT doping exists beyond which the electro-optic response deteriorates. 
 
Figure 6.4: Transmission vs applied voltage curves for thiolene based PDLC dopes with 
various concentration of MWNT. The inset plot shows the reduction in switching voltage 
at 0.01mg MWNT 
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As shown in Figure 6.4, the switching voltage reduces for MWNT doping levels 
of 0.01mg, 0.025mg and 0.075mg when compared to a PDLC with no MWNT. However 
an increase in switching voltage is observed at 0.1mg and 0.5mg MWNT, this is 
primarily due to the fact that the MWNT‘s form a short between the ITO coated 
electrodes and was seen as sparks during the switching. An anomalous behavior is seen at 
1mg MWNT where the PDLC sample had increased transparency even at zero electric 
field. This behavior is due to the fact that the LC‘s did not form droplets and were found 
on the surface of the samples as seen in Figure 6.1d.  A very similar response is seen in 
acrylate based PDLC‘s as seen in Figure 6.5 where a reduction in switching voltage is 
seen at MWNT concentrations of 0.01mg and 0.025mg. An increase in switching voltage 
is seen at concentrations of 0.05mg, 0.1 and 0.5mg and an anomalous response is 
recorded at 1mg MWNT. A lower electro-optic response is seen in acrylate based 
PDLC‘s when compared to thiolene based PDLC doped with MWNT, which is due to the 
fact that surfactant was used in the acrylates and surfactants are known to reduce the 
electrical properties of MWNT due to adsorption on its surface [102].  
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Figure 6.5: Transmission vs applied voltage curves for acrylate based PDLC dopes with 
various concentration of MWNT. The inset plot shows the reduction in switching voltage 
at 0.01mg MWNT 
 
An improvement in the rise and fall time is seen for both thiolene and acrylate 
based PDLC with MWNT. The rise and fall time for PDLC devices is proportional to the 
size of the LC droplets trapped in the polymer matrix and are is given by equations 2.33 
and 2.34 respectively [29]. Figure 6.6 a and b shows the reduction in rise and fall times 
for thiolene and acrylate based PDLC dopes with various concentrations of MWNT. The 
rise and fall time improve in samples with increasing the concentration of MWNT. This 
is an indication of reduction in the formed LC droplet size in the PDLC samples. In 
thiolene PDLC‘s, the rise time improved form 1.6ms (at 0mg MWNT) to 1.4ms (at 
0.01mg MWNT) and the fall time from   150ms (at 0mg MWNT) to 130ms (at 0.01mg 
MWNT). In the acrylate PDLC‘s, the rise time improved from 810μs (at 0mg MWNT) to 
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750μs (at 0.01mg MWNT) and the fal time from 2.75ms (at 0mg MWNT) to 2.5ms (at 
0.01mg MWNT) 
 
Figure 6.6: Rise and fall time measurements for a) thiolene and b) acrylate based PDLC 
doped with various concentrations of MWNT 
 
Scanning electron microscopy imaging of the MWNT doped PDLC samples 
reveals the effect on LC droplet formation. As shown in Figure 6.7 for a thiolene based 
PDLC doped with MWNT, the effect of the presence of MWNT on the droplet formation 
is clearly seen. At 0mg MWNT a good distribution of LC droplets is seen across the cross 
section of the sample. A slight reduction in average size of the droplets is observed at 
0.05mg MWNT. However, at 0.5mg MWNT a reduction in the number of LC droplets is 
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seen across the cross section and at 1 mg MWNT no droplet formation is seen across the 
cross section. This result is consistent with the polarized optical images in Figure 1d 
where most of the bulk LC‘s were found on the surface. Hence, at higher MWNT 
concentrations hinder the phase separation process and hence LC droplet formation. A 
very similar observation is made for the acrylate based PDLC samples doped with 
MWNT as seen in Figure 6.8.       
 
 
Figure 6.7: SEM images of thiolene based PDLC  with MWNT at various concentrations 
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Figure 6.8: SEM images of acrylate based PDLC  with various concentrations of MWNT 
 
6.2 Improved electro-optic response in Holographically patterned media (H-PDLC) 
with dispersed MWNT 
A discussed in detail in section 2.4 Holographic polymer dispersed liquid crystals 
(H-PDLC) are electro-optic thin films devices which, on application of an electric field, 
can be switched between a diffracting and a transmissive state. The grating pitch is 
determined by the angle of the recording beams [90].  Although HPDLC‘s exhibit high 
switching speeds and polarization insensitivity they suffer from low diffraction efficiency 
(DE) and high switching voltages. Various methods have been shown to improve the DE 
such as application of an electric field and shear stress [103] to the sample during 
fabrication. In this section we experimentally demonstrate a reduction in switching 
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voltage and further improvement in switching speed of reflection based HPDLC‘s by 
doping them with oxidized multiwalled carbon nanotubes (MWNT). These HPDLC‘s are 
added with various concentrations of MWNT‘s and their effect on the electro-optic 
response and reflection efficiency is characterized and compared to regular HPDLC‘s 
with no MWNT content. The results are attributed to a reduction in LC droplet size and a 
change in the dielectric properies of the medium. In order to quantify these changes 
diffraction gratings with MWNT are fabricated and the physical role of MWNT in the 
formation of the diffraction grating is studied. Experimentally, a longer induction period 
during the photo polymerization induced phase separation in diffraction H-PLDC with 
MWNT is seen. Real time diffracted order measurements indicate a lengthened induction 
period with increasing concentration of MWNT when compared to ones with no MWNT. 
An analysis based on diffusion constants of participating monomers, LC and MWNT, 
incorporating the shape anisotropy is presented, which reveals that the MWNT acts as a 
physical barrier for the counter diffusing liquid crystals hence slowing phase separation 
and eventually reducing liquid crystal droplet size. An optimal MWNT doping range is 
arrived at based on the observed experimental observations. 
 The prepolymer, used in this work, comprises of a thiolene based homogeneous 
blend of NOA65 (Norland Optical Adheives,Inc.), LC BL038 (Merck& Co.Inc) and a 
photoinitiator to sensitize the blend to visible wavelengths, the details of which have been 
discussed in section 5.1.3. In addition oxidized conductive multiwalled carbon nanotubes 
were added to the HPDLC mixture in various proportions measured per gram of LC. The 
process of oxidation and dispersion of MWNT in Dimethylformamide (DMF) to obtain a 
stable suspension is discussed elsewhere[86, 101]. The as received MWNT from Arkema 
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had undergone prior purification steps and did not contain large amount of amorphous 
carbon and metal impurities if any were removed after further purification [16]. The 
process of oxidation adds carboxylic groups on the MWNT surface which leads to better 
adhesion of the MWNT on such an epoxy based polymer matrix due to strong interfacial 
adhesion and the effects on its electrical conductivity has been very well studied in past 
[88].  The following quantities (measured per gram of LC) of oxidized MWNT 
suspended in DMF were added to the LC: 0.01mg, 0.025mg, 0.05mg, 0.1mg, 0.25mg, 
and 0.5mg. The DMF was eventually evaporated and the LC-MWNT suspension was 
ultrasonicated to obtain a stable suspension. The LC-MWNT suspension was stable for 
upto 24 hours after evaporation of DMF and subsequent ultrasonication (for 1 hour) of 
the suspension. In our experiments all the suspensions were used within 3 hours of 
ultrasonication. This stable suspension of LC and MWNT was then introduced in to the 
prepolymer blend and results were compared to an HPDLC with no MWNT. The 
MWNT‘s used had a poly-dispersity of 5µm to a maximum length of 10µm and an outer 
diameter of 20nm. The sizes of the MWNT‘s were chosen such that its diffusion constant 
lied well below that of the diffusing polymer and counter diffusing LC components as 
calculated in section 3.  The conductivity (ζMWNT) of MWMT‘s used were 10
3
 S/cm [15]. 
The H-PDLC reflection gratings were fabricated as shown in section 5.2. A two-
beam interference method, as shown in Fig 1b, was used to record the interference pattern 
in to the cell to form a Bragg diffraction grating. All samples were recorded at the same 
Bragg angle and the grating pitch (Λ) was approximately 600nm. A 633nm He-Ne laser 
was used as a probe beam in order to capture the real time evolution of the diffracted 
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order using labview. The fabricated cells were cured under a UV lamp for five minutes to 
polymerize any remnant monomers.  
Figure 6.9 shows the Polarized Optical Microscopy (POM) Images of the 
reflection HPDLC cells with various concentrations of oxidized MWNT. A dark field is 
observed for the images labeled a, b, c, d and e which corresponds to a MWNT doping 
level of 0mg, 0.01mg, 0.025mg, 0.05mg, and 0.1 mg respectively. However on increasing 
the concentration of MWNT to 0.25mg the birefringence of the liquid crystal begins to 
appear (Figure 6.9 f) indicating an incomplete phase separation of the LC‘s which were 
unable to counter diffuse into the cross section to from droplets due to the high MWNT 
concentration and at 0.5mg a bright total birefringent field is seen (Figure 6.9 g). This is 
the first indication of MWNT‘s acting physical barriers to the counter diffusing LC‘s 
hence inhibiting grating formation at high MWNT doping levels causing the LC‘s to 
remain trapped near the surface of the substrates.  
 
Figure 6.9: : POM images of HPDLC reflection gratings with various MWNT 
concentrations a) 0mg b) 0.01mg c) 0.025mg d) 0.05mg e) 0.1mg f) 0.25mg g) 0.5mg 
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The measurement of the transmission spectra using a spectrometer and a while 
light source indicates a decrease in the reflection efficiency on increasing the MWNT 
doping concentration as shown in Figure 6.10. However a close examination reveals that 
at relatively lower levels of MWNT doping such as 0.01mg and 0.025mg the reflection 
efficiency of the HPDLC remains close to the one with no MWNT‘s hence suggesting 
that trace amount of MWNT‘s do not affect the counter diffusion of LC‘s on an average 
during the photo polymerization induced phase separation process. The reflection 
efficiency starts to drop beyond 0.05mg MWNT and weak gratings are formed beyond 
0.1mg of MWNT with reduced transmission baselines indicating an increase in overall 
scattering. The lower baseline transmission is also indicative of aggregation of MWNT‘s 
and hence reducing the overall transparency. At 0.5mg MWNT concentration no grating 
is formed as most of the LC‘s fail to diffuse into the cross section (as shown in Figure 6.9 
g)  due the presence of large amount of MWNT across the diffusion length. 
A change in the capacitance and resistivity of the cells were observed on 
increasing the doping levels of MWNT as shown in Figure 6.11. Increase in capacitance 
of the cells is seen upto 0.1mg of MWNT and then a decrease in the capacitance values is 
recorded at 0.25mg MWNT and beyond. High amount of randomly aligned MWNT‘s 
increase the probability of forming a short between the ITO coated electrodes. A 
continuous drop in resistivity of the cells is observed with increasing amounts of 
MWNT‘s as shown in Figure 6.11. A change in capacitance and resistivity is indicative 
of a change in dielectric properties of the HPDLC medium and hence for a given applied 
voltage a stronger electric field is experienced by the LC droplet in the HPDLC cell when 
compared to the ones with no MWNT. 
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Figure 6.10: Transmission spectra of HPDLC reflection gratings with various 
concentrations of MWNT. The inset plot shows a decrease in reflection efficiency with 
increasing MWNT amount. 
 
 
Figure 6.11: Change in capacitance and resistivity of the HPDLC reflection gratings  with 
MWNT at a driving frequency of 1kHz. The inset plot shows the range of MWNT 
concentration in which no shorting of the ITO electrodes is observed. The circles 
represent capacitance and the triangles represent resistivity. 
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Electro-optic switching measurements show a clear improvement in the switching 
characteristics. The theoretical estimate of reorientation field for a liquid crystal droplet 
trapped in a polymer matrix is given by equation 6.1 [29]  
Since, during photo-polymerization the viscosity of the medium increases the MWNT‘s 
remain trapped in the polymer matrix instead of diffusing along with the LC‘s. This 
increases the conductivity of the polymer matrix. In such a case the local field acting on 
the LC droplet is given by equation 6.1 [29].  Hence a lower electric field is required to 
reorient the liquid crystal droplets. The switching voltage was reduced from 153V at 0mg 
MWNT to 129V at 0.05mg MWNT. However an increase in switching voltage was 
recorded at 0.1mg MWNT and slight shorting between the electrodes were observed, 
reducing the overall local electric field strength experienced by the LC droplets. 
Anomalous behavior and heavy shorting was observed in all samples  with 0.25mg 
MWNT and 0.5mgMWNT. Although Vc is inversely proportional to the radius, a, of the 
droplet which would suggests an increased Vc for decreasing droplet radius; the reduction 
in Vc stems from the fact that the ratio ζlc/ ζp   is reduced and Elc is increased due to 
addition of MWNT‘s which increases polymer conductivity and as shown in equation 6.1 
is responsible for enhancing the local E-field seen by the LC droplet. Figure 6.12 shows a 
schematic of an isolated LC droplet trapped in a polymer matrix between ITO glass 
slides. Eapp is the applied electric field and Ed is the depolarization field generated by the 
LC droplet. Since H-PDLC is a mixed dielectric the electric field across the LC droplet 
and the polymer matrix is different. Ed reduces the effective electric field across the LC 
droplet causing a rise in switching voltage.  
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Figure 6.12: Schematic E-field across an isolated LC droplet in a polymer matrix. Ed is 
the depolarizing field generated by the LC droplet. 
 
 
 
Figure 6.13: Schematic E-field across an isolated LC droplet in a polymer matrix in 
presence of MWNT enhancing the local e-filed across the LC droplet. Ed is the 
depolarizing field generated by the LC droplet. This depicts a best case scenatio with the 
MWNT aligned on either side of the LC droplet 
 
In presence of a MWNT in the vicinity of the LC droplet, the local electric field 
across the LC droplet is enhanced virtually brining the electrodes close to the LC droplet 
as shown in Figure 6.13. This local enhancement of electric field across the droplet 
caused a reduction in switching voltage. Figure 6.13 shows the best case scenario. In the 
real scenario the local effect is averaged out since no alignment of the MWNT is seen and 
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the MWNT‘s are randomly distributed throughout the H-PDLC matrix. Figure 6.14 
shows an increase in the proportionality factor which is given by 
        
             
 in 
equation 6.1. Hence the electric field across the LC is increased. A point to be noted here 
is that we are working well below the percolation level. Beyond the 0.1mg/g LC 
anomalous behavior is seen dude to MWNT‘s shorting the electrodes and heating of the 
MWNT‘s. 
 
Figure 6.14: Increase in the proportionality factor leading to increase in the local e-field 
across the LC droplet 
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Figure 6.15: Transmission vs applied voltage plots for various concentrations of MWNT. 
The inset plot shows a reduction in switching voltage with increasing amount of MWNT. 
 
A reduction in switching time is also observed as shown in Figure 6.16. In 
HPDLC systems the rise time is proportional to the applied electric field and LC droplet 
size[29]. All the cells were switched at 137V in order to quantify the effect of MWNT on 
formation of LC droplet size. The fall time on the other hand is dependent on the droplet 
size and the visco-elastic coefficient of the LC. A reduction in both rise and fall time is 
indicative of formation of LC droplets with a smaller diameter and hence a reduction in 
relaxation time. A decrease in both these parameters occurs upto a doping level of 0.1mg 
but beyond this the rise and fall time dramatically increases at concentration of 0.25mg 
and 0.5mg MWNT indicating switching times due to the bulk LC, since most of the LC‘s 
fail to diffuse into the cross section as show in Figure 6.9 f and g. The error bars in Fig 
6.16 indicate 5% error in each data point.    
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Figure 6.16: Rise and fall time measurements of HPDLC reflection gratings  with various 
concentrations of MWNT. The inset plots show the rise and fall time readings up to 
0.1mg MWNT 
 
Now, in order to quantify the above improvements it was necessary to understand 
the role that MWNT plays during the formation of the H-PDLC. A reduction in LC 
droplet size can occur due to rapid polymerization [104]. Since MWNT‘s cannot 
influence the polymerization rate of the photopolymers we believe that in this case the 
MWNT‘s act as physical barriers to the counter diffusing LC‘s due to its sheer size 
compared to the participating photopolymer and LC molecules. To prove this H-PDLC 
diffraction gratings were fabricated. They tend to have a higher grating pitch compared to 
reflection gratings and in essence will also magnify the effect on LC droplet size due to 
the larger LC diffusion length. Figure 6.17a shows the real time measurement of 
diffracted order for various samples with MWNT. They reveal a typical rise in the 
diffracted order, as expected, and then reach a plateau value. The stable diffraction 
efficiency is slightly reduced at the lower MWNT concentrations of 0.01mg and 0.05 mg 
compared to the ones without MWNT and a dramatic reduction is seen at higher 
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concentrations of 0.1 and 0.25 mg MWNT.  However zooming into the first five seconds 
of the evolution reveals that after initial fluorescence from the Rhodamine dye, there exits 
an induction period for all the samples with MWNT and the induction period grows 
longer with increasing MWNT concentration as seen in Figure 6.17 b and c shows a plot 
of rise in induction time with increasing concentration of MWNT where beyond 0.1 mg 
of MWNT an anomalous behavior in the rise of the diffracted order is seen with very low 
efficiency. 
 
Figure 6.17: a) Real time evolution of diffracted order for various concentrations of 
MWNT, b) Time delay in rise of diffracted order observed in the first 5 seconds during 
exposure c) Increase in induction period with increasing concentration of MWNT 
  
The polymerization and phase separation are largely influenced by the physical 
and chemical properties of the LC‘s and the prepolymers used, specifically, the solubility 
parameters and diffusion coefficients. Mutual diffusion and counter diffusion is possible 
when the diffusion constants of the participating elements are within a comparable range. 
97 
 
 
 
The diffusion constant of photo-polymerizable monomers lies in the range of 10
-9
 to 10
-7
 
cm
2
/s  [105] and that of the LC is of the order of 10
-7
cm
2
/s [18] suggesting that mutual 
diffusion is possible. In order for the MWNT to participate in mutual diffusion and 
counter diffusion, its diffusion constant in such a viscous media should lie within that 
range. It is possible to compute the diffusion constant for a nanoparticle based on the 
Stoke- Einstein‘s diffusion equation in viscous media. However, it is valid only for 
spherical particles and MWNT has large shape anisotropy. In order to incorporate such a 
shape anisotropy to compute the diffusion constant we use the equation 6.2 [106] which 
computes the translational diffusion constant of MWNT considering it as a rigid rod: 
 l
rkT
DT
3
ln
  
(6.2)  
where, k is the Boltzmann‘s constant, η is the viscosity of the monomer, r = l/d  is the 
aspect ratio (l and d are the major and minor axes of the rod respectively).   Taking into 
account the shape anisotropy of MWNT ( with a aspect ratio of 500) and the viscosity of 
the monomer which is about 1200cps the translational diffusion constant of MWNT in 
such a viscous media is about 10
-15 
cm
2
/s. Such a low diffusion constant reveals that the 
MWNT used does not participate in the phase separation process.  This is also 
complicated by the fact that during photo polymerization the viscosity of the medium is 
constantly evolving and is given by equation 6.3 [18] : 
  i
p
iiii tzDtzD )],(exp[),( 0   (6.3)  
 where, Di0  is the diffusion constant of the pure monomer,  i is the decay constant and  
 is the polymer concentration. This equation describes the inhibition of diffusion 
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through the increasingly dense polymer network. Hence, as the polymerization begins the 
MWNT‘s get trapped in the polymer matrix and act as physical barriers for the counter 
diffusing LC‘s. As a result a delay is seen in the growth of the diffracted order. This 
delay increases with increase in the MWNT concentration as seen in Figure 6.17.    
Since the rise and fall times of H-PDLC are dependent on the morphology of the gratings 
formed, especially the size of the LC droplets we measured these times in order to 
observe any changes in the ones with MWNT when compared to the ones with no 
MWNT.  In HPDLC systems the rise time is proportional to the applied electric field and 
LC droplet size. The fall time on the other hand is dependent on the droplet size and the 
visco- elastic coefficient of the LC. A reduction in both rise and fall time is indicative of 
formation of LC droplets with a smaller diameter and hence a reduction in relaxation 
time. The rise and fall times are given by equations 2.26 and 2.27 respectively  [29]  
  All diffraction H-PDLC‘s were switched at the same voltage of 120V peak to 
peak with a 1kHz square wave with 50% duty cycle. As seen in Fig 8 the rise and fall 
times decrease up to a concentration of 0.1mg MWNT, beyond which a rise in switching 
times is seen which is due to the presence of bulk liquid crystals on the surface which 
were unable to diffuse into the polymer matrix and form droplets. Since the switching 
voltage was consistent in all the samples it can be concluded that the size of the LC 
droplets formed have changed with increasing concentrations of MWNT and in particular 
have decreased. The error bars in Figure 6.18 indicate 5% error in each data point. 
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Figure 6.18: Rise and fall time measurements of HPDLC diffraction gratings with various 
concentrations of MWNT. The inset plots show the rise and fall time readings upto 0.1mg 
MWNT 
 
In order to verify the reduction in the size of the LC droplets formed in the LC 
rich regions of the polymer matrix, all samples were imaged under a scanning electron 
microscope. The samples were prepared as detailed in section 2. It is seen that on an 
average the LC droplet size decreases with increasing amount of MWNT as shown in 
Figure 6.19. With no MWNT the size of the LC droplets were measured to be on an 
average of 147nm. With 0.01mg MWNT the average droplet size reduced to 122nm and 
with 0.05mg MWNT the LC droplet size reduced to 90nm. However, with 0.1mg MWNT 
although the average LC droplet size reduced to 61nm, smaller sized droplets are seen 
trapped in the polymer rich regions as well, indicating that not all droplets managed to 
phase separate into the LC rich region and hence possibly lowering the diffraction 
efficiency. At 0.25 mg no LC droplets are seen since such a high concentration of 
MWNT hindered the phase separation of LC. 
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Figure 6.19: Scanning electron microscopy images of H-PDLC diffraction gratings  with 
various concentrations of MWNT: a) 0mg, b) 0.01mg, c) 0.05mg) 0.1mg) and 0.25mg) 
  
In summary, we have experimentally quantified the electro-optic and morphology 
effects of adding oxidized multiwalled carbon nanotubes to thiolene and acrylate based 
PDLC.  A reduction in the switching voltage is observed for both the thiolene and 
acrylate based samples. In thiolene PDLC with MWNT, the switching voltage reduced 
from 145V to 90V at 0.01mg MWNT concentration. In acrylate based PDLC with 
MWNT, the switching voltage reduced form 197V to 130V at 0.01mg MWNT. This is 
attributed to the increase in conductivity of the polymer medium hence enhancing the 
electric field across the LC droplets at lower applied voltages. An improvement in the 
rise and fall times is also recorded for both the thiolene and acrylate based PDLC samples 
with MWNT which is attributed to the reduction in overall average droplet sizes. SEM 
imaging confirms that optimal levels of MWNT doping prevents coalesce of LC droplets 
however higher concentrations of MWNT prevent the LC droplet formation and hinders 
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the phase separation process since the MWNT‘s  do not participate in the phase 
separation process and act as physical barriers o the counter diffusing LC‘s. 
Incorporating multiwalled carbon nanotubes in holographic polymer dispersed liquid 
crystals (H-PDLC) improves its electro-optic response. It modifies the dielectric 
properties of the medium as manifested by an increase in conductance of the polymer 
resulting in lowering of the switching voltages. In reflection H-PDLC‘s the switching 
voltage reduced from 153V with no MWNT to 129V with 0.05mg MWNT. An 
improvement in switching was seen where in the rise time reduced from 3ms to 1ms. The 
fall time reduced from 5ms to 2ms. Real time diffraction efficiency measurements from 
diffraction H-PDLC‘s reveal an increased induction period with increasing concentration 
of MWNT. Based on the derived diffusion constants, using the Stoke-Einstein‘s diffusion 
equation incorporating shape anisotropy, it was seen that the MWNT‘s do not participate 
in the phase separation process and remain trapped in the polymer matrix, increasing it 
viscosity, hence acing a physical barriers to  the counter diffusing LC‘s due to its sheer 
size. This results in a reduction of LC droplet size from 147 nm with no MWNT to 61 nm 
at 0.1mg MWNT.  
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CHAPTER 7.   Novel H-PDLC stacking techniques 
 
This chapter demonstrates an alternate method of stacking Holographic polymer 
dispersed liquid crystal (HPDLC) reflection gratings on substrates coated with indium tin 
oxide (ITO) on both sides allowing independent switching of each grating in the stack. 
Successive layers of the stack are formed by switching existing layers while exposing the 
subsequent layer to an interference pattern. Wavefront analysis based on wavefront 
propagation through HPDLC with electric field on and off is used to substantiate the 
improvement in the reflection efficiency of the layers in the stack. Results show an 
optical path length reduction due to elimination of substrate layers at each grating. [107] 
 
Reduced optical path length stacking 
Stacks of HPDLC have been proposed for use in reflective displays [108] and 
transmission mode spectrometers[17]. Conventionally individual cells of HPDLC are 
stacked using an index matching material between each cell[17].  Colegrove et al. have 
demonstrated the ability to stack multiple layers using a proprietary technology within a 
set of electrodes. Interference of spherical and plane wavefronts have been used to record 
volume holograms[109]. Use of random wavefronts have also been demonstrated to 
record volume holograms[110].
 
An alternate technique of stacking HPDLC cells each reflecting a unique 
wavelength is demonstrated here. This method of stacking reduces the number of 
substrates required to make a stack and eliminates the use of index matching materials 
hence reducing parallax, optical path length and wavefront errors plus allowing switching 
of individual cells. A schematic of the technique is shown in Figure 7.1 In this technique 
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the first cell of the stack is formed by the one beam method  using a reflecting mirror 
behind the cell so that the incident and the reflected beams self interfere to form an 
interference pattern within the cell. The first cell has a glass substrate which is coated 
with ITO on both sides. The second layer of the stack is formed directly behind the first 
cell sandwiched between the ITO coated side of the first cell and another ITO coated 
glass slide as shown in Figure 7.1. 
 
Figure 7.1: Schematic of stacking HPDLC using one beam method with application of 
electric field to cell 1 during exposure of cell 2. 
 
 
The pre-polymer mixture comprises of a homogenous acrylate blend as detailed in 
section 5.1.3. The first cell of the stack was formed by sandwiching the pre-polymer 
mixture between two glass slides (Corning 1737) spaced 5 microns apart using 
cylindrical glass spacers. It was coated with ITO on one side and the second slide coated 
with ITO on both sides. The slide coated with ITO on both sides has a resistivity less than 
V
Mirror
Mirror
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Cell1Cell 2
Glass with ITO on both sides
Laser Expander
θ
Region of 
interference
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300 Ω/square and a transmission of 97% in the wavelength range of 450nm to 800nm. 
The sandwiched cell was exposed to an interference pattern, for 60 seconds, formed by 
two interfering beams generated using a Coherent Verdi 532nm laser radiating at 
200mW/cm
2
 using the single beam method and a spot size of 18mm. The second cell in 
the stack was formed by sandwiching the pre-polymer mixture behind the second glass 
slide of the first cell and another glass slide coated with ITO spaced 5 microns apart. This 
composite stack was exposed to the interference pattern with the second cell close to the 
mirror to ensure the interference pattern formation within this cell. The second cell of the 
stack was formed was formed using two methods a) no electric field applied to the first 
cell b) electric field applied to the first cell during the exposure of the second cell. A 
remarkable difference is seen in the reflection efficiencies.  
Theoretically the quality of the grating formed depends on the interference pattern 
governed by the quality of the interfering wavefronts. Two plane wavefronts with 
identical polarizations generate an interference pattern with the bright and dark fringes 
highly parallel to each other with good contrast between them [6]. The intensity pattern 
generated by two interfering plane wave beams with identical polarization is given by 
[111]  
 ]cos[2)( 212121  rkrkIIIIrI  (7.1)  
where I1, I2, k1 and k2 are the intensity and propagation vectors of the interfering beams. 
The spatial location is given by r and ∆φ is the phase difference between the two beams. 
In HPDLC the index planes consists of PDLC and droplet locations in each of these 
planes are uncorrelated. This introduces index inhomogeneities and interfacial roughness 
between the alternating LC rich and polymer planes in a single cell. The interfacial 
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roughness is characterized by a random variable ζjk with zero mean and standard 
deviation ζζ for all interfaces between the LC rich and the polymer regions. The random 
index variation within an LC rich layer is characterized by δnj with zero mean.  The 
transfer matrix P for an HPDLC cell is [112] 
 MsMMMM FFFFP  ,11212101   
(7.2)  
where M is the number of LC rich and polymer layers in the cell. Φj (j=1…M) is the 
phase matrix and Fjk (j=0…M and k=1…S) is the Fresnel matrix where 0 and S are due to 
the substrates at the input and output end. For normal incidence the phase accumulation 
in the wavefront is [112] 
 jjj D    
(7.3)  
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j  is the random variation in the relative optical thickness of the jth layer assumed to 
have zero mean and standard deviation ζv for all the LC rich layers in the cell. The 
random interfacial roughness between the LC rich layer and the polymer layer is given by 
the modified Fresnel matrix as [112] 
 jkjkjk FSF   
(7.4)  
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These parameters would induce a phase variation, given by equation 8.3, in the plane 
wave travelling through the HPDLC cell and hence add an RMS variation in the surface 
profile of the wavefront. An interference pattern generated by such a wavefront profile 
results in non-ideal interference pattern with a reduction in the contrast levels between 
the bright and the dark fringes. The phase fluctuations result in a decrease in the contrast 
of the interference fringes or in a complete disappearance of the interference structure 
[113]. 
On the application of an electric field across the cell the modified Fresnel matrix Fjk 
reduces to a unity matrix due to an index match between nj and nk hence, for the normally 
incident wavefront it breaks the condition for interfacial roughness between the 
alternating LC rich and polymer layers. Also since on the application of an electric field 
the grating structure disappears and the phase matrix reduces to 
  j  (7.5)  
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and L is the thickness and n is the average refractive index of the index matched cell. 
The transfer matrix for the HPDLC, on the application of electric field, now reduces to  
 P  
(7.6)  
A wavefront traversing through such an index matched cell now sees a constant refractive 
index and accumulates a constant phase rather than a phase with an RMS variation on its 
surface improving the quality of the interference pattern generated. 
 The photoinitiated chain growth rate Rp of the polymer is [114] 
 
2/1IRp   (7.7)  
where I is the curing intensity. A non ideal interference pattern with low contrast and 
rough interface between the bright and dark fringes would causes a variation in the local 
polymerization rates and hence hindering the phase separation process leading to a 
grating structure with lower reflection efficiencies. 
The number of substrates used for a known number of gratings in a conventional stack is  
 xn 2    for 2x  
(7.8)  
and in this proposed method of stacking is  
 1 xn    for 2x  
(7.9)  
where n is the number of substrates required and x is the number of gratings to be 
fabricated in the stack.  
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Figure 7.2: Synthetic fringes generated by the wavescope for a 633nm s-polarized 
wavefront travelling through the HPDLC cell. A1, A2, A3 are fringes recorded at angles 
0
0
, 28.6
0
 and 40.6
0
 respectively with no E-filed. B1, B2 and B3 are fringes recorded at 0
0
, 
28.6
0
 and 40.6
0
 respectively with E-field applied. 
 
A Shack Hartmann wavefront sensor (Wavescope, WFS 01, Adaptive Optics 
Associate inc.) with micro lens module having a lenslet pitch of 300 microns and an input 
circular aperture size of 11mm  was used to analyze the wavefront quality transmitted 
through the HPDLC cell reflecting at 513nm in both electric filed on and off mode. A s-
polarized 633nm wavefront, generated using a monochromator (Oriel ¼ m, Newport 
Corporation), was collimated and transmitted through the HPDLC cell into the wavefront 
sensor and the interferences fringes generated by the wavescope were recorded as shown 
in Figure 7.2. The fringes reveal that the wavefront aberrates as it passes through the 
HPDLC cell as shown in Figure 7.2: A1, A2 and A3 for angle of incidence, considered 
from grating normal, of 0
0
, 28.6
0
 and 40.6
0
 respectively. This aberration is due to the 
phase variation (equation 7.5) and interfacial roughness (equation 7.4) it sees while 
+1
-1
A1 A2 A3
B1 B2 B3
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travelling though the cell. A clear improvement in the quality and contrast of the 
interference fringes is observed when an electric field is applied across the HPDLC cell 
shown in Figure 7.2: B1, B2 and B3. The application of the electric field reorients the LC 
droplet directors such the ordinary refractive index (no) matches the polymer refractive 
index, essentially washing out the grating structure and the scattering centers in the LC 
rich planes. This allows the wavefront to see constant refractive index while travelling 
through the cell (equation 7.6). A reduction in the RMS wavefront error and increment in 
strehl ratio is recorded as shown in Figure 7.3. 
 
Figure 7.3: Comparison of RMS and strehl ratio with E-filed on and off on cell 1. A) 
RMS versus angle of incidence of wavefront. B) Strehl ratio versus angle of incidence of 
wavefront. 
 
A spectrometer (Ocean Optics) was used to compare the transmission spectra of 
the stack fabricated using both the methods. Results show that an application of electric 
field to the former HPDLC cells during the exposure of the subsequent cell results in a 
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better reflection efficiency as shown in Figure 7.4. The reflection efficiencies were 
calculated using  
 
b
b
T
TT min  
(7.10)  
where Tb and Tmin are the baseline transmission and the notch transmission values. This 
equation factors out the losses due to random scattering.  Figure 7.4a shows a stack of 
two cells formed using both the methods; the first one reflecting at 515nm and the second 
one at 574nm. The reflection efficiency improved from 25.55% to 49.01% when an 
electric field of 31V/μm is applied to cell 1 during the exposure of the second cell. FIG 
4B shows a stack of 3 cells each reflecting at 513nm, 546nm and 580nm respectively. 
Cell 3 in this stack was formed by applying an electric field of 31V/μm and 26V/μm 
across the first and the second cell respectively during the exposure. The reflection 
efficiency improved from 15.09% to 32.00%. Since lesser substrates were used (equation 
7.9) to fabricate these stacks compared to a conventional one an optical path length 
reduction of 33% was achieved for both the stacks.  
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Figure 7.4: Percent transmission of the stack fabricated using both methods- E-field on 
and E-field off. a) Transmission spectra for a stack of two cells. b) Transmission spectra 
for a stack of 3 cells. 
 
Figure 7.5 shows a comparison of transmission spectra for a stack of glass slides coated 
with ITO on both sides and stack of 20 glass slides coated with ITO on one side. The 
stack of 11 slides has higher transmission hence increasing throughput through the stack 
,a clear advantage of using the reduced optical path length stacking technique.   
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Figure 7.5: Comaprison of trasmission spectra for a stack of glass slides coated with ITO 
on both sides and stack of 20 glass slides coated with ITO on one side 
 
Modulation transfer function (MTF) of H-PDLC stacks 
 The modulation transfer function is a measure of the transfer of modulation (or 
contrast) from the object to the image. In other words, it measures how faithfully an 
optical element reproduces (or transfers) details from the object to the image produced by 
the optical element. Essentially it incorporates resolution and contrast into a single 
specification. Resolution of an imaging system defines its ability to distinguish the details 
in an object. It is expressed in terms of line-pairs per millimeter (lp/mm) or 
cycles/millimeter (c/mm). A low resolution image lacks fine detail and is often blurry, 
whereas a high resolution image is highly detailed and clear. Contrast is a measurement 
of the separation between the light and dark regions of an image. More specifically, 
contrast is a change in the intensity or brightness from one point to another. It affects how 
effectively the differences between the object and the shades of gray in the background 
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are reproduced. An image with the highest contrast is one in which black is truly black 
and white is truly white, without any shades of gray in between. As contrast is reduced, 
the distinction between black and white begins to blur and shades of gray appear.  
The low resolution negative chrome on glass 1951 USAF Resolution Target was 
used to determine the resolution of the H-PDLC stack incorporated imaging system. It 
consists of horizontal and vertical bars organized in groups and elements. Each group is 
composed of six elements, and each element is composed of three horizontal and three 
vertical bars equally spaced with one another. There can be a total of twelve groups, with 
larger numbers used for higher resolution. For example, a standard resolution 1951 target 
consists of group numbers from -2 to 7, whereas a high resolution of -2 to 9; the element 
number is the same. The resolution is based on bar width and space, where the length of 
the bars is equal to five times the width of a bar. One Line Pair (lp) is equivalent to one 
black bar and one white bar. Vertical bars are used to calculate horizontal resolution and 
horizontal bars are used to calculate vertical resolution [75]. Figure 7.6 shows a 
schematic of the setup used to determine the MTF of H-PDLC stacks involving different 
stacking techniques. The test target is shown in Figure 7.7 and its resolution values are 
shown in Table 7.1.  
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Figure 7.6: Schematic and optical setup for studying the Modulation Transfer Function 
(MTF) of an H-PDLC stack using the USAF 1951 resolution chart. 
 
 
 
 
Figure 7.7: USAF 1951 resolution test target used to extract the Modulation transfer 
function. This is a 3 x 3 inch negative test target with chrome background and standard 
resolution capable of resolving upto 228 line pair/mm 
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Table 7.1: Resolution values for standard USAF 1951 resolution test pattern (all values in 
Cysles/mm) 
 GROUPS 
ELEMENTS -2 -1 +0 +1 +2 +3 +4 +5 +6 +7 
1 .250 .500 1.00 2.00 4.00 8.00 16.0 32.0 64.0 128 
2 .281 .561 1.12 2.24 4.49 8.98 17.9 35.9 71.8 143 
3 .315 .629 1.26 2.52 5.04 10.1 20.1 40.3 80.6 161 
4 .354 .707 1.41 2.83 5.66 11.3 22.6 45.3 90.5 181 
5 .397 .794 1.59 3.17 6.35 12.7 25.4 50.8 101 203 
6 .445 .891 1.78 3.56 7.13 14.3 28.5 57.0 114 228 
 
 The equations used to extract the modulation transfer function at a given spatial 
frequency with respect to a low spatial frequency are given below 
       
             
             
 
(7.11)  
where Vb(0) is the minimum luminance (or pixel value) for black areas at low spatial 
frequencies, Vw(0) The maximum luminance for white areas at low spatial frequencies. 
The frequency should be low enough so that contrast doesn't change if it is reduced. C(0) 
is the low frequency contrast. 
       
             
             
 
(7.12)  
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where Vb(f) is the minimum luminance (or pixel value) for black areas, Vw(f) is the 
maximum luminance for white areas and C(f) is the contrast at the specified frequency. 
Therefore the Modulation transfer function (MTF) is given by  
         
    
    
 
(7.13)  
 As shown in Figure 7.6 images from the CCD were captured using a frame 
grabber. In order to determine the system MTF no H-PDLC stacks were inserted in the 
optical path. This served as a reference. Eventually H-PDLC films were added to the 
optical path and the images were captured. Two spatial frequencies corresponding to 315 
cycles/mm and 0.629 cycles/mm were analyzed and their intensity profiles were plotted 
for various stacks fabricated using various techniques and results were compared. 
 Figure 7.8 shows the degradation in intensity due to random scattering by the H-
PDLC and some loss in contrast in the above mentioned spatial frequencies when 
transmitted through stacks of various sizes when stacks in air. The glass substrates on 
these filters had a broadband anti reflection coating on it.  The inset images show the 
actual quality of the two spatial frequencies captured on the CCD after being transmitted 
through the H-PDLC stack.  
Figure 7.9 shows the transmission of the two spatial frequencies, corresponding to 
315 cycles/mm and 0.629 cycles/mm, in a stack of H-PDLC fabricated using the 
conventional stacking method which uses two substrates for each filter and the index 
matching glue NOA65 to glue the stacks together.  
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Figure 7.8: Change in transmission and contrast of two spatial frequencies corresponding 
to 315 cycles/mm and .629 cycles/mm when transmitted through an H-PDLC filter and 
H-PDLC stacks stacked in air.  
 
Figure 7.9: Change in transmission and contrast of two spatial frequencies corresponding 
to 315 cycles/mm and .629 cycles/mm when transmitted through an H-PDLC filter and 
H-PDLC stacks glued with NOA65.  
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Figure 7.10: Change in transmission and contrast of two spatial frequencies 
corresponding to 315 cycles/mm and .629 cycles/mm when transmitted through an H-
PDLC filter and H-PDLC stacks fabricated using the ropl technique. 
 
Figure 7.10 shows the transmission of the two spatial frequencies, corresponding 
to 315 cycles/mm and 0.629 cycles/mm, in a stack of H-PDLC fabricated using the 
reduced optical path length (ropl) technique which uses less number of substrates to 
fabricate the H-PDLC stack. A comparison of the transmission of the two spatial 
frequencies being transmitted though a stack of four H-PDLC filters fabricated using 
three different stacking techniques namely filters stacked in air with substrates having 
BBAR coatings, conventional stacking technique and the ropl stacking technique is 
shown in Figure 7.11. It clearly shows that the ropl stack perform much better than the 
conventional stacking technique as the intensity values of the spatial frequencies are 
much higher than that of the conventional stacking technique.   
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Figure 7.11: Comparison of transmission of the two spatial frequencies 315 cycles/mm 
and 0.629 cycles/mm through a stack of 4 H-PDLC filters fabricated using different 
stacking techniques. 
 
Based on the transmission of the various spatial frequencies through the different 
stacks the modulation transfer function was calculated using equation 7.13 and potted as 
shown in Figure 7.12 which gives a comparison of the MTF‘s of the three different 
stacking techniques. The blue line is the MTF the system and serves as a reference. The 
green line is the MTF of H-PDLC stack in air coated with BBAR, the black line is the 
MTF of H-PDLC stack fabricated using the reduced optical path length technique (ropl) 
and the red line shows the MTF of the H-PDLC stack fabricated by gluing it with 
NOA65. It is noticed that the stacks glued with NOA65 performed worse than the ones 
stacked it air and using the ropl method. This is due to the fact that the glue introduced 
indeed inhomogenities due to variation in thickness and added to the overall optical path 
length.   
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Figure 7.12: Comparison of Modulation Transfer Function (MTF) of various stacking 
techniques.  
 
Stacking via spin coating   
 Pushing the stacking technology to its limits, we envision a stack of H-PDLC 
sandwiched only between two glass substrates. This section details the spin coated 
stacking technique and some of the fundamental challenged associated with it. Figure 
7.13 shows the concept of stack fabricated with spin coating method with intermediated 
conducting layers allowing switching of each layer independently. 
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Figure 7.13: Concept of stack fabricated with spin coating method with intermediated 
conducting layers allowing switching of each layer independently. 
 
 In the spin coating technique the prepolymer syrup detailed in section 5.1.3 is spin 
coated on a base glass substrate and then exposed to an interference pattern as detailed in 
section 5.2. The fist layer in the stack is spin coated using a spin coater and then exposed 
to an interference pattern as shown in Figure 5.4, Figure 5.5 or Figure 5.6. Profilometry 
results show that after the exposure the surface does not remain smooth but has a 
roughness associated with it. As seen in Figure 7.14a surface roughness varies as much as 
upto 3.6 μm which indicates that the RMS variation on the surface is quite high. Figure 
7.14b shows the rough surface topography of the single H-DLC spin coated surface. 
Subsequent layers are spin coated on this surface and exposed to an interference pattern.    
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Figure 7.14: a) Variation in surface morphology on the surface of a spin coated H-PDLC 
and b) topographical image of the surgace of a spin coated H-PDLC 
 
Figure 7.15 shows the transmission spectra of an acrylate based filter fabricated 
by spin coating method. Although the reflection efficiency is low it is attributed to the 
changes in dynamics of photo polymerization induced phase separation due to 
polymerization in air. The top surface of the prepolymer layer is exposed to the 
atmosphere during polymerization which also leads to some leakage of the LC from this 
surface. As seen in Figure 7.15e, which is an SEM image of the exposed surface, circular 
patterns are seen on this surface suggesting potential sites for LC leakage leading to a 
reduction in reflection efficiency. Figure 7.15b and c show the spectra of two and three 
filters respectively fabricated on the first one. Three distinct notches are seen in Figure 
7.15c in the wavelength range of 500 – 600 nm. An SEM image of these three filters 
fabricated on a single substrate is shown in Figure 7.15d, where there H-PDLC layers are 
seen, each with a slightly different grating pitch. However, the individual gratings in this 
stack cannot be switched. Switching the individual filters would require additional layers 
of transparent conductive polymer layers index matched to the polymer matrix with its 
optical and electrical performance close to that of its ITO counterpart. 
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Figure 7.15: Stack fabrication with spin coating technique. a) Transmission spectra of 
single filter, b) transmission spectra of two filters, c) transmission spectra three filters 
formed by spin coating, d) SEM image of the three spin coated layers, and e) surface 
image of the filter showing spots from where the LC may have leaked out. 
 
In this chapter we have demonstrated an alternate method of stacking reflection 
HPDLC with switching control of individual cells. Improved reflection efficiency is 
observed in the subsequent layers formed by switching the former cells of the stack 
compared to forming the subsequent layers without switching the former layers. A 
reduction in parallax and optical path length is achieved due to the reduction in the 
number of substrates. The optical path length is reduced by 33% for a stack of 3 cells 
when compared to a conventional stack using two substrates and index matching 
materials for each layer. Theoretically higher optical path length reductions of upto 49% 
can be achieved for a stack of 50 cells using the proposed method. The Modulation 
transfer functions experiments show that the reduced optical path length stacking 
technique performs much better that the conventional stacking technique which used 
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index matching glue. We have also shown the feasibility of stacking H-PDLC via spin 
coating which will dramatically help the reduction in the optical path length of a 
wavefront travelling through a stack and eliminate all interfacial substrates thus 
contributing to increase throughput. 
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CHAPTER 8.   Demonstration of Hyerspectral capability with H-PDLC 
This chapter presents a study focused on the feasibility of using holographic 
polymer dispersed liquid crystal wavelength filters for hyperspectral imaging (HSI).  For 
this study, stacks of these filters were fabricated in the visible wavelength range of 600-
800 nm.  These filters demonstrated a number of properties useful for HSI applications, 
including uniform reflection efficiency of 80% across a 35mm optical aperture, 
polarization insensitivity for normal incidence, spectral resolution of 10nm and fast 
switching times on the order of microseconds. In addition, the ability to modulate each 
filter in the stack at a different frequency allows for spectral multiplexing, thus enabling 
synchronous detection and demodulation of the image data.. Finally, a system level 
integration of such a stack into the prototype drive and detection unit is discussed [115, 
116]. 
Since Hyperspectral imaging allows the measurement of spectral characteristics 
of a scene using a remote sensing system with a large number of spectral bands, each 
with spectral resolution of less than 10nm. It thus produces a continuous spectrum of 
light which defines the chemical composition of the scene elements via their spectral 
signatures. It has been proven to be useful in numerous applications ranging from 
environmental monitoring[117] to health sciences[118]. As discussed in detail in Section 
2.5 a typical hyperspectral imaging system is comprised of fore optics, a wavelength 
dispersing element and an array of detectors. A variety of hyperspectral imagers are 
available with wavelength dispersing elements which are static, such as prisms, grating 
spectrometers[119], interferometers[120] and microarray scanners[121].  In addition, 
there are acousto optic tunable filters [62, 122] and  liquid crystal tunable filters [123], 
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which are polarization dependent and can be tuned to different wavelengths. However 
most of these wavelength filtering or dispersing elements do not offer the ability to 
simultaneously access and rapidly tune the wavelength to obtain a spectral multiplex and 
support high speed hyperspectral imaging from a moving platform such as an aircraft.  
Here, we experimentally demonstrate the feasibility of using a holographic 
polymer dispersed liquid crystal (H-PDLC) thin film stack as a high speed wavelength 
filtering element in the optical front end of a hyperspectral imaging system. The ability to 
modulate each filter in the stack at a different frequency is demonstrated thus allowing us 
to obtain a spectral multiplex. Synchronous detection and demodulation is performed on 
a monochromatic wavelength passing through the stack in order to demonstrate a proof of 
concept hyperspectral imaging capability. H-PDLC wavelength filters with uniform, high 
reflection efficiencies were holographically fabricated over a circular optical aperture of 
35mm in diameter having a narrow spectral bandwidth using the techniques discussed in 
section 5.2. High speed electro-optic switching on the order of microseconds with 
polarization insensitivity is demonstrated and is attributed to the morphology of the 
device.  Finally, strategies to expand the viewing angle range, as well as its effect on the 
optical efficiency, are discussed. 
8.1 Experimental setup 
Two material sets as detailed in section 5.1.3 were investigated. Each of these 
material sets differ in electro optic performance in terms of long term stability reflection 
efficiency, switching voltages, polarization sensitivity, scattering and switching speed, 
primarily due to the difference in the morphology of the H-PDLC‘s formed. A detailed 
comparison of each of the systems is presented elsewhere [90]. Thiolene based H-
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PDLC‘s offer a lower switching voltage, narrower FWHM and lower scattering 
compared to acrylate based H-PDLC. No polarization dependence is seen in thiolene 
based H-PDLC, while in acrylate H-PDLC‘s diffraction efficiency of P polarization is 
higher than for S polarization [16].  
In order to form a stack of wavelength filters, 10 cells each with a FWHM of 
approximately 10 nm were fabricated in the 600 – 700 nm and 700 - 800 nm range. These 
filters were glued together one behind the other using the UV curable photopolymer 
NOA65 to provide index matching between the stacked filters and to minimize 
transmission loss due to any index mismatch. In addition to this conventional stacking 
technique, two additional stacking techniques were developed which help reduce the 
number of substrates and interfacial layers required, thus reducing stack length and 
helping to improve system throughput as detailed in Chapter 7. The schematic of these 
stacking techniques is shown in Figure 8.1 
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Figure 8.1: Various stacking techniques. The colored films are the H-PDLC gratings and 
N is the number of gratings in the stack. The schematics in the figure above show a) 
conventional stacking technique requiring 2N pieces of ITO glass, b) multilayer stacking 
technique requiring only N+1 pieces of double sided ITO glass and c) stacking by spin 
coating requiring only 2 pieces of ITO glass 
 
 Table 8.1 and Table 8.2 list the electro-optic data of the individual filters 
fabricated in the range of 600 – 700nm and 700 – 800nm respectively. Figure 8.2 and 
Figure 8.3 show the individual transmission spectra of the individual filters fabricated in 
the range of 600 – 700nm and 700 – 800nm respectively. 
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Table 8.1: E-O data for individual Thiolene 30mm aperture HPDLC in the wavelength 
range 600 – 700nm 
 
 
 
 
Sample # Thickness 
(microns) 
Notch 
wavelength 
(nm) 
FWHM 
(nm) 
Reflection 
efficiency* 
(%) 
Switching 
voltage 
(V) 
B9-T1 20 597 9 80.49 139 
B9-T2 20 603 9.2 74.81 147 
B9-T3 20 612 9.9 80.80 139 
B9-T4 20 620 11 86.14 147 
B9-T5 20 629 10.7 84.60 147 
B9-T6 20 642 10.5 81.84 139 
B9-T7 20 653 10.9 80.80 147 
B9-T8 20 662 11.6 79.64 147 
B9-T9 20 672 11.7 82.34 147 
B9-T10 20 681 11.9 79.83 147 
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Figure 8.2: a-j show the individual transmission spectra of H-PDLC filters fabricated in 
the 600nm-700nm spectral range. Differences in the switching voltage stems from 
the fact that the samples have slightly different reflection efficiencies.   
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Table 8.2: E-O data for individual Thiolene 30mm aperture HPDLC in the wavelength 
range 700 – 800nm 
 
 
                        
        
 
          
 
  
Sample # Thickness 
(microns) 
Notch 
wavelength 
(nm) 
FWHM 
(nm) 
Reflection 
efficiency* 
(%) 
Switching 
voltage 
(V) 
B8-T1 20 694 10.6 68.12 147 
B8-T2 20 703 11.3 69.13 147 
B8-T3 20 711 11.8 72.35 147 
B8-T4 20 725 11.1 70.27 154 
B8-T5 20 734 12.2 78.95 154 
B8-T6 20 746 12.5 78.21 154 
B8-T7 20 759 13.2 81.33 154 
B8-T8 20 770 12.7 78.48 154 
B8-T9 20 790 13.9 76.92 154 
B8-T10 20 804 14.1 75.64 154 
133 
 
 
 
        
134 
 
 
 
 
Figure 8.3: a-j show the individual transmission spectra of H-PDLC filters fabricated in 
the 700nm-800nm spectral range 
 
 Figure 8.4  shows the spectra of a stack of 10 filters both switched and unswitched 
in the 600 – 700 nm range and 700 – 800 nm range. It is also seen that the transmission 
throughput in the unswitched state (blue line) is higher in the 700 – 800 nm range 
compared to 600 – 700 nm range. This is because the scattering is more dominant at 
lower wavelengths. Nevertheless, it shows the ability to access wavelengths with a 
resolution of 10 nm with polarization insensitivity and microsecond switching in a given 
optical band.  The low transmission throughput the stack is due to the random wavelength 
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dependent scattering losses arising from the size of the LC droplets trapped in the 
polymer matrix. It is also complicated by the fact that a stack of twenty index matched 
ITO glass substrates also reduces the overall transmission by 40%. One way of reducing 
the transmission losses due to the ITO glass substrates would be to reduce the number of 
substrates used to fabricate the stack using the multilayer stacking technique which has 
been extensively discussed elsewhere [107].     
 
Figure 8.4: Transmission spectra of a stack of 10 filters both switched and unswitched in 
the range a) 600nm- 700m and b) 700nm - 800nm. Differences in the switching voltage 
stems from the fact that the samples have slightly different reflection efficiencies.   
A wider view angle of the filtering element enables a wide field of view in the 
HSI, thus reducing the physical size of the wavelength filters and eliminating the need for 
a large area CCD. Hence in order to improve the view angle of the fabricated filters, 
diffusing films with diffusing angles of 5
0
 and 30
0
 were introduced between the prism 
and the uncured H-PDLC cell, as first reported by Escuti et.al.[18] The view angles of the 
resulting reflection gratings were verified by rotating the cell with respect to the normally 
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incident white light and watching for any blue shift in the notch in the transmission 
spectra.  
Conventional H-PDLC filters have a narrow view angle up to 2 degrees. In order 
to increase the view angle diffusing films were introduced in the recording beam path, 
such that the diffuser was sandwiched between the prism and the thiolene based H-PDLC 
cell, as shown in Figure 8.5a. The diffuser diffuses the incoming coherent laser beam. 
Although this also reduced the coherency of the recording beam, enough coherency is 
maintained to record the Bragg structure. However, this also reduces the reflection 
efficiency and increases the FWHM of the filters, as is evident from the morphology of 
the non-diffuse and diffuse H-PDLC seen in Figures 8.5b and 8.5c, respectively. Figure 
8.6a shows the expansion of view angle by 10
0
 using a 5
0
 diffusing film. The sample was 
rotated +/- 5
0 
with respect to the normal incident white light source and no blue shift was 
seen in the transmission spectra suggesting a widening of the view angle. A similar result 
is seen in Figure 8.6b for a sample with 20
0
 view angle but in this case the reflection 
efficiency is dramatically decreased and a widening of the FWHM is seen. 
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Figure 8.5: a) Schematic of diffuse H-PDLC fabrication, b) SEM micrograph of regular 
H-PDLC and c) SEM micrograph of a diffuse H-PDLC with 10
0
 view angle. 
 
 
Figure 8.6: Enhanced view angle of H-PDLC filters: a) 10
0
 view angle and b) 20
0
 view 
angle. 
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8.2 Proof of concept Hyperspectral imaging 
The conventional wavelength filtering H-PDLC stacks were used to demonstrate 
the proof of concept and the experiments were carried out at OPTRA Inc. The drive and 
detection electronics required to switch the filters in the stack were developed by OPTRA 
Inc. Each filter in the stack was modulated at a different frequency. Two sources were 
used to test the filter: a monochromatic laser operating at 633nm and a polychromatic 
tungsten lamp.  The sources are folded into the filter and separated for analysis using a 
pair of beam splitters. The laser is used to measure the filter frequency response and 
crosstalk between filter elements.  The white light source is used to measure filter 
resolution and transmission. A silicon photodiode (BPX65, 1 mm square active area, 
Siemens) is used for light detection in the frequency response and filter crosstalk 
measurements.  The photodiode is installed on an electronics pre-amplifier board 
(OPTRA standard part) that contains a transimpedance amplifier for converting the diode 
current signal to a voltage.  This board is integrated with the drive and detection 
electronics. The photodiode signal after amplification contains the multiplexed output of 
the filter.  An Ocean Optics grating spectrometer was used for spectral analysis during 
resolution and transmission measurements. The spectrometer operates across 350nm – 
850 nm and has a 25 m slit that provides 1.23 nm spectral resolution which is well 
below the filter resolution. The breadboard hardware is used to make four measurements: 
response time, reflection efficiency, wavelength range and spectral resolution. The output 
of the modulated detector signal was made available on 10 different channels for 
synchronous detection.  Figure 8.7 and Figure 8.8  shows the breadboard setup and block 
diagram of the hyperspectral imaging system respectively. 
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Figure 8.7: Block diagram of the proof of concept hyper spectral imaging system 
developed at OPTRA Inc. 
 
 
Figure 8.8: Breadboard setup of the hardware used for driving the H-PDLC filters along 
with synchronous detection and demodulation. 
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Since the advantage that the H-PDLC wavelength filter stack offers is the ability 
to modulate each filter in the stack at a different frequency, hence allowing a spectral 
multiplex of the image to be obtained.  A key attribute is the ability to rapidly tune 
between or through the spectral bands to support hyperspectral imaging from a moving 
platform. Figure 8.9a shows the ability of a single filter to be modulated at different 
frequencies. It is seen that the dynamic reflection efficiency is a function of the applied 
modulating frequency. The reflection efficiency is about 37% at 10kHz and decreases 
dramatically at 40kHz. This is due to the fact that it is difficult for the liquid crystals to 
follow the reorientation dynamics at such high frequencies. As seen in Figure 8.9b the 
rise time of an acrylate based H-PDLC filter is recorded to be about 20 μs. 
 
Figure 8.9: a) Dynamic response of an H-PDLC filter when modulated at different 
frequencies and b) rise time of acrylate based H-PDLC filter 
 
A stack of thiolene based filters in the range of 600 – 700 nm were modulated at 
different frequencies and a 633nm He-Ne laser was transmitted through this stack, in 
which one of the filters had a notch at 633nm. The multiplexed output of the filter 
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collected on the photodiode was made available on ten different channels for 
synchronous detection and demodulation. Figure 8.10 shows the demodulated signal for 
all ten filters when subjected to the monochromatic source resonant with the filter 
operating at channel 6. A distinct rise in the channel 6 signal is seen suggesting detection 
of the transmitted 633nm He-Ne wavelength, while little signal is seen on the non-
resonant channels. This demonstrates the ability to detect the incoming wavelength signal 
while remaining unaffected by the other modulating filters.  
 
Figure 8.10: Demodulated signal is seen detected on channel 6 which was resonant with 
the 633 nm filter. 
 
 Figure 8.11 shows a reduction in the signal detected via synchronous detection 
and demodulation the source of this reduction to this point is unknown and will require 
investigation in the future.  
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Figure 8.11: Reduction in the synchronously detected signal over a period of time 
 
The extraction of hyperspectral cube form the modulated image is currently is 
being pursued at Optra Inc and the extraction algorithms are being developed there. In 
this work we have studied the feasibility of using an H-PDLC stack as a wavelength 
filtering element for a hyperspectral imaging system. 
In another experiment to demonstrate sequential switching and acquisition of 
images at various wavelengths using an H-PDLC stack Figure 7.6 was modified to 
incorporate the McBeth color chart and a short pass and a long pass filter with cut off at 
800 nm and 700 nm respectively. A schematic of this new setup to demonstrate 
sequential switching an acquisition of images is shown in Figure 8.12 and the composite 
transmisiion spectra along with the H-PDLC filters is shown in Figure 8.13.  The color 
checker chart is an industry standard that provides a non-subjective comparison with a 
test pattern of 24 scientifically prepared colored squares. Each color square represents a 
natural object—human skin, foliage, blue sky, etc, providing a qualitative reference to 
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quantifiable values. Each color will reflect light in the same way in all parts of the visible 
spectrum, thus maintaining color consistency over different illumination options.  
 
 
Figure 8.12: Schematic of setup for demonstrating sequential switching and acquisition of 
images using a stack of H-PDLC and a Gretag McBeth ColorChecker chart. 
 
 
 
Figure 8.13: A composite transmission of a stack of 5 H-PDLC wavelength filters along 
with short pass and long pass filters 
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Figure 8.14: McBeth color checker chart with numbers identifying various colors 
 
Table 8.3: Reference RGB values of various colors in the McBeth color chart 
 
# Color R G B # Color R G B 
1 Dark skin 115 82 68 13 Blue 56 61 150 
2 Light skin 194 150 130 14 Green 70 148 73 
3 Blue sky 98 122 157 15 Red 175 54 60 
4 Foliage 87 108 67 16 Yellow 231 199 31 
5 Blue flower 133 128 177 17 Magenta 187 86 149 
6 Bluish green 103 189 170 18 Cyan 8 133 161 
7 Orange 214 126 44 19 White 243 243 242 
8 Purplish blue 80 91 166 20 Neutral 8 200 200 200 
9 Moderate red 193 90 99 21 Neutral 6.5 160 160 160 
10 Purple 94 60 108 22 Neutral 5 122 122 21 
12 Orange yellow 224 163 46 23 Neutral 3.5 85 85 85 
     24 Black 52 52 52 
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Figure 8.15: Images of the color chart captures at various wavelengths. a) McBeth 
ColorChecker chart, b) Pure monochrome image as seen on the CCD, c) image in the 
700nm- 800nm visible range, d) image at 727nm, e) image at 741nm, f) image at 751nm, 
g) image at 769nm and h) image at 785nm.  
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Each filter in the stack was sequentially switched in order to acquire an image of 
the color checker chat at that particular wavelength. Figure 8.15 shows the imaged of the 
chart acquired at different wavelength. These images form the basis of a hyper spectral 
cube which allows us to plot the spectra of a particular entity in the images at various 
wavelengths. Figure 8.16 show a hyperspectral cube formed from the images acquired by 
sequential switching. This figure has 3 dimensions where x and y are the spatial 
dimensions and λ is the wavelength dimension. Figure 8.17 shows the reflectance 
extracted from the hyperspectral cube for three different colors pink, red and yellow. This 
kind of reflectance spectra enables identification of specific materials in the image.  In a 
real word scenario reflectance due to atmosphere has to be accounted for while plotting 
the actual reflectance spectra of the desired object in the image.  
 
Figure 8.16: Hyperspectral cube generated from the sequential switching setup. It show 
the McBeth color checker chart at various wavelengths 
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Figure 8.17: Reflectance spectra of pink, red and yellow at 727 nm, 741 nm, 751 nm and 
769 nm and 785nm extracted from the hyperspectral cube. 
 
Although high reflection efficiency of up to 80%, FWHM of 10nm and minimal 
polarization sensitivity (in thiolene H-PDLC) has been achieved, wavelength dependent 
scattering, especially at lower wavelengths, and out of band increase in transmission after 
switching needs to be mitigated. A way around these issues would be to fabricate filters 
with close to 100% reflection efficiencies, in which case the LC droplet size in the 
polymer matrix will be well below the critical limit for scattering. This will however 
dramatically increase the switching voltage but also render a device with faster switching 
times, while maintaining polarization insensitivity. Two alternate stacking techniques 
have been developed in order to reduce the overall size of the stack and reduce the 
number of interfacial layers. This will inherently improve throughput by eliminating 
Fresnel losses at the interface and help make the overall device compact. Fast response 
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time, on the order of microseconds, is seen. This enables near instantaneous tunability 
through the spectral bands allowing rapid generation of the hyperspectral data. An 
increase in viewing angle is possible but it dramatically reduces the reflection efficiency 
and increases the FWHM of the filters. The ability to modulate each filter in the stack at a 
different frequency allows generation of a spectral multiplex and hence can be 
synchronously detected and demodulated. In conclusion, H-PDLC based wavelength 
filters hold promise as a potential candidate in the optical front end of a hyperspectral 
imaging system.               
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CHAPTER 9.   Conclusions and contributions 
 
9.1 Conclusions 
 So far, in an attempt to enhance the properties of PDLC‘s and H-PDLC‘s we have 
seen an improvement in the electro-optic behaviour by adding oxidized multiwalled 
carbon nanotubes.  Specifically a reduction in the switching voltage is observed for both 
the thiolene and acrylate based samples which are attributed to the increase in 
conductivity of the polymer medium hence enhancing the electric field across the LC 
droplets at lower applied voltages. An improvement in the rise and fall times is also 
recorded for both the thiolene and acrylate based samples with MWNT which is 
attributed to the reduction in overall average droplet sizes. SEM imaging confirms that 
optimal levels of MWNT doping prevents coalesce of LC droplets however higher 
concentrations of MWNT prevent the LC droplet formation and hinders the phase 
separation process since the MWNT‘s  do not participate in the phase separation process 
and act as physical barriers to the counter diffusing LC‘s. In H-PDLC‘s real time 
diffraction efficiency measurements from diffraction based H-PDLC‘s show an increased 
induction period with increasing concentration of MWNT. Based on the derived diffusion 
constants, using the Stoke-Einstein‘s diffusion equation incorporating shape anisotropy, it 
was seen that the MWNT‘s do not participate in the phase separation process and remain 
trapped in the polymer matrix hence acing a physical barriers to  the counter diffusing 
LC‘s due to its sheer size. This results in a reduction of LC droplet size from 147nm with 
no MWNT to 61nm at 0.1mg MWNT. All these improvements were achieved while 
maintaining minimal wavefront aberration of a wave travelling though the optimized H-
PDLC.  
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In order to command control over individual wavelength filtering every 10nm two 
new methods of stacking reflection HPDLC‘s were developed. In the reduced optical 
path length stacking method improved reflection efficiency is observed in the subsequent 
layers formed by switching the former cells of the stack compared to forming the 
subsequent layers without switching the former layers. A reduction in parallax and 
optical path length is achieved due to the reduction in the number of substrates. The 
optical path length is reduced by 33% for a stack of 3 cells when compared to a 
conventional stack using two substrates and index matching materials for each layer. 
Theoretically higher optical path length reductions of upto 49% can be achieved for a 
stack of 50 cells using the proposed method. Pushing the stacking technology to its limit, 
an attempt was presented to fabricate all H-PDLC filters on a single substrate by spin 
coating and subsequent exposure. However at this point the reflection efficiencies 
obtained from the spin coated stacking method is low because of the leakage of the LC 
from the top surface of the film. An optical analysis based on modulation transfer 
function reveals that the reduced optical path length stacking techniques performs much 
better than the conventional stacking technique.  
Finally, such an electro-optically enhanced stack was used to demonstrate 
hyperspectral imaging capability in two modes- sequential switching mode and 
multiplexed mode with synchronous detection and demultiplexing. A hyperspectral cube 
was generate using the sequential switching mode which allowed the extraction of the  
reflectance spectra of various colors hence establishing the feasibility of  using a H-
PDLC stack in a hyperspectral imaging system. Fast response time is seen which enables 
near instantaneous tunability through the spectral bands allowing rapid generation of the 
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hyperspectral data. The ability to modulate each filter in the stack at a different frequency 
allows generation of a spectral multiplex and hence can be synchronously detected and 
demodulated.  
 
9.2 Contibutions  
Hyperspectral imaging has proved to be a versatile tool in optically analyzing the 
acquired imagery. To date several hyperspectral imagers have been developed but don‘t 
have the capability of multiplexing to gather all of the reflectance spectra in one go. In 
order to address this we developed H-PDLC stacks that are capable of providing random 
access to wavelengths with high switching speeds while allowing sequential acquisition 
as well as multiplexed acquisition of the image. In order to meet the objectives we   
• Developed a method of improving the electro-optic response of H-PDLC exhibiting: 
- Lower switching voltage due to change in the dielectrics of the medium 
- Faster switching speed due to change in the morphology of the device 
- Minimal polarization sensitivity since the shape anisotropy of the LC droplets 
was low  
- Small bandwidth with the FWHM of individual H-PDLC filter was less than 
10nm 
- Minimal wavefront error where in the RMS variation over the surface of the 
wavefront was not affected dramatically  
•  Analysed of effects of MWNT on H-PDLC grating formation by studying: 
- Effects on diffusion kinetics and real time grating formation by studying the 
evolution and behavior of the diffracted order and evaluating it based on Stoke-
Einstein‘s diffusion theory incorporating the shape anisotropy of the MWNT‘s 
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- Developed in-situ optical method of monitoring grating quality 
•  Developed two H-PDLC stack fabrication techniques to allow random access to 
wvelengths: 
– Reduced optical path length stacking which dramatically reduces the number of 
substrates required to fabricate a stack while maintain its capability to individually 
access the wavelengths   
– Single substrate fabrication allows for development of the H-PDLC stack on a 
single substrate.  
• Demonstrated hyperspectral imaging capability with electro-optically optimized H-
PDLC stack: 
– Generated a hyperspectral cube by sequential switching and extracting the 
reflectance spectra of the imaged entities 
– Spectral multiplexing and synchronous detection was demonstrated by integrating 
the H-PDLC stack into a prototype hyperspectral imaging system  
 
9.3 Enabled technology 
This dissertation work adds to the existing arsenal of hyperspectral imagers. 
Using electro-optically optimized H-PDLC stack as dynamic wavelength filtering 
element in the optical front end of the hyperspectral imager has given the imager 
capability of high speed advanced detection and identification. A key attribute of this 
hyperspectral imager is the ability to rapidly tune between and/or through the spectral 
bands to support hyperspectral imaging from a moving platform such as an aircraft.  The 
rapid acquisition of the hyperspectral cube minimizes artifacts due to the motion of an 
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object during the acquisition. As a result of the extremely fast switching speed, each H-
PDLC element can be modulated at a different frequency on the order of tens of kHz, 
thereby supporting the ability to synchronously detect and demodulate each wavelength 
with a high update rate of the entire hyperspectral cube.  In other words, the H-PDLC 
tunable filter can spectrally multiplex thereby gaining a radiometric benefit.  
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